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FOREWORD 


A majority  of  the  English-speaking  readers  of  this  book  realize  that 
information  about  perennially  frozen  ground  has  been  accumulating  in 
the  U.S.S.R.  for  over  a century  and  that  half  the  territory  of  the 
U.S.S.R.  is  underlain  by  permafrost.  Teaching  permafrost  is  a long 
tradition  in  the  geology,  geography,  and  engineering  departments  of 
several  Soviet  universities.  For  these  reasons  Russian  scientists  and 
engineers  enjoy  a leading  position  in  a field  they  call,  roughly  trans- 
lated, the  science  of  permafrostology  (merzlotovedenie) . 

In  the  early  stages  of  develoment  of  the  permafrost  regions  the  builder 
and  the  exploring  scientist  could  not  coordinate  their  interests  in  a 
way  that  would  allow  them  to  help  each  other.  A series  of  spectacular 
structural  failures  are  on  record  in  the  engineering  literature,  and 
the  scientific  literature  includes  a large  amount  of  observational  and 
descriptive  opuses  of  documentary  value.  The  practical  engineer  and 
the  scientist  reached  a mutual  understanding  at  a relatively  early  time, 
but  not  without  the  all  too  familiar  controversy  between  basic,  applied, 
"fundamental"  and  theoretical  research. 

At  present,  academic  studies  of  snow,  ice  and  frozen  ground  in  the  U.S.S.R. 
are  not  in  conflict  with  engineering  research.  Based  on  first  principles, 
basic  research  provides  applied  researchers  with  the  fundamentals  needed 
to  improve  design  and  avoid  costly  failures.  The  results  of  basic  re- 
search, documented  in  appropriate  publications,  currently  constitute  a 
foundation  for  engineering  research  which  finally  leads  to  design  prac- 
tice documentation. 

Such  a system,  in  a country  one  half  of  which  is  underlain  by  permafrost, 
needs  a source  for  preparation  and  replacement  of  its  scientific  manpower 
in  this  field.  Leading  in  permafrost  and  glaciology  teaching  is  the 
Geology  Faculty  of  Moscow  State  University.  For  more  than  20  years  a 
teaching  chair  in  Permafrostology  has  given  an  advanced  course  in  what 
is  called  "Procedures  of  Frost  Investigation";  this  book  is  the  result. 

Its  title  means,  besides  frost  penetration  forecasting,  the  prediction 
of  changes  in  frost  conditions  and  state  under  all  influences  including 
man. 


The  names  of  Kudriavtsev,  Garagulia,  Kondratieva  and  Melamed  are  very 
well  known  to  CRRF.L  readers.  For  years  these  authors  have  produced  papers 
on  the  fundamental  aspects  of  freezing  and  the  properties  of  frozen 
ground  and  permafrost. 

The  new  book  under  Kuriavtsev's  editorship  is  a textbook  of  a very 
advanced  type,  suitable  for  advanced  students  and  professionals  in  cold 
regions  geology,  civil  engineering,  mining,  etc.  Based  on  first  principles 
and  invariably  rigorous  in  approach,  it  "puts  meat  on  the  bones"  of  many 
subjects  pursued  up  to  the  present  in  a less  rigorous  manner.  Besides 
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geologists  and  engineers,  such  specialists  as  geographers  and  geo- 
morphologists will  benefit  by  applying  the  fundamentals  derived  in  the 
book.  It  will  also  help  to  eliminate  many  repetitious  "descriptologies" 
by  suggestion  of  some  novel,  rigorous  approaches  not  previously  attempted. 

Examining  the  translation  (performed  by  the  U.S.  Joint  Publications 
Research  Service),  the  reader  should  keep  in  mind  that  it  is  a rough, 
unedited  version.  The  translator  has  preserved  all  the  idiosyncrasies 
of  Russian  writing,  thus  creating  a series  of  ambiguities  not  readily 
detectable  by  a monolinguistic  reader.  Since  the  circle  of  interested 
readers  may  be  rather  limited,  publication  of  an  edited  version  of  the 
book  is  not  justifiable  at  the  present  stage  (and  state)  of  permafrost 
study  in  this  country.  The  book,  in  its  present  unedited  form,  will 
serve  the  purpose  of  familiarizing  the  reader  with  Kudriavtsev's  way 
of  thinking. 

The  reader  will  find  that  the  translated  manuscript  is  sometimes  very 
rough  on  the  English  language.  Phrases  containing  "of"  proliferations 
such  as  "...studies  of  strength  of  frozen  and  of  thawing  soils"  will  be 
found  systematically.  This  is  the  translator's  way  of  avoiding  loss  of 
meaning,  and  is  inevitable  in  first,  unedited,  versions.  The  same  can 
be  said  for  pluralizations  and  shifts  in  emphasis.  Knowledge  of  the  gen- 
eral subject  and  careful  reading  will  help  to  eliminate  the  difficulties 
with  language. 

Among  the  difficulties  in  translation  are  expressions  with  which  we 
have  had  some  difficulty  in  the  past.  One  of  them  is  the  Russian  term 
"gornaia  poroda,"  which  by  their  definition  constitutes  any  natural  solid 
that  occurs  below  the  air-  or  water-layer,  excluding  soil  in  the  agri- 
cultural sense  and,  perhaps,  organic  deposits  such  as  peat  or  lake  bottom 
ooze.  Customarily,  it  is  translated  as  "rock,"  which  may  be  correct 
only  in  the  case  of  lithic  outcrops.  In  general,  the  translation  of 
such  terms  as  "soil,"  "rock,"  "stratum"  and  "deposit"  produces  ambiguities 
resolvable  only  by  considering  the  term  in  context.  As  is  well  known 
to  most  of  us,  the  Russians  use  two  terms  for  our  "permafrost":  "vechnaia 

merzlota,"  meaning  "eternally  frozen  ground,"  and  "mhogolethemer zlyi 
grunt,"  meaning  "ground  frozen  for  many  years"  (we  may  use  "perennially 
frozen"),  which  is  actually  a hair-splitting  procedure.  Unfortunately 
there  is  also  a monstrous  ambiguity,  "merzlota";  we  trantlate  it  as  "perma- 
frost," which  is  in  most  cases  correct. 

The  translation  also  reflects  some  personal  inclinations  of  the  trans- 
lator which  would  normally  be  eliminated  through  editing.  For  example, 
there  is  the  term  "permaf rozen, " which  does  not  exist,  and  "dispersed 
soils"  or  "dispersed  rocks"  for  "unconsolidated  deposits."  The  transla- 
tor speaks  of  "cycled  heat,"  meaning  "heat  exchange."  More  serious  is 
the  ambiguous  use  of  "seasonally  thawed"  and  "seasonally  frozen."  While 
less  harmful  is  the  not-so-customary  use  of  "equation,"  "expression"  and 
"formula."  The  use  of  "volatilizing"  of  moisture  is  unfortunate.  The 
English  reader  should  also  come  to  terms  with  "positive"  and  "negative" 
temperatures  - which  of  course  are  in  terms  of  the  Celsius  scale. 
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Although  a textbook,  the  opus  will  be  useful  to  the  professional  reader, 
and  we  may  end  with  the  observation  that  by  examining  the  book  it  might 
be  found  that  some  of  our  current  or  planned  research  has  already  been 
completed . 


GEORGE  K.  SWINZOW 
USA  CRREL 
March  1977 
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[Text]  Annotation 
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first  and  still  the  only  contemporary  textbook  in  the  Soviet  and  foreign  lit- 
erature which  embraces  the  main  questions  of  frost  forecasting.  In  it  the 
methodological,  mathematical  and  thermodynamic  principles  of  frost  forecasting 
are  examined  and  methods  and  calculations  procedures  are  given  for  determining 
the  influence  of  various  factors  and  the  productive  activity  of  man  on  frost 
and  geological  engineering  conditions.  The  procedure  of  compilation  of  a 
frost  forecast  is  illustrated  by  a large  number  of  examples  of  calculations 
based  on  concrete  material. 

The  textbook  is  intended  for  the  study  and  teaching  of  the  procedure  of  frost 
investigations  and  the  procedure  of  compilation  of  a frost  forecast.  At  the 
same  time,  the  problems  and  questions  illuminated  in  it  are  of  great  interest 
to  geologists,  hydrogeologists,  engineering  geologists,  builders,  road-build- 
ers, mining  engineers,  hydraulic  engineers  and  other  specialists  participating 
in  the  study,  exploration,  planning,  construction  and  other  productive  organi- 
zation of  the  territory  of  permafrozen  rocks. 
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Preface 

In  the  area  of  the  propagation  of  seasonally  and  permanently  frozen  rocks 
the  geological  engineering  conditions  depend  substantially  on  the  character 
of  the  permafrost  situation  because  of  the  sharp  change  of  properties  of  the 
rocks  both  during  transition  from  the  frozen  into  the  thawed  state  and  from 
the  thawed  into  the  frozen,  and  also  during  change  of  the  temperature  of  the 
rocks  within  the  limits  of  negative  or  positive  values  (near  zero).  The  con- 
ditions of  the  bedding  and  spread  of  permafrozen  rock  masses,  the  properties  of 
frozen  rocks,  the  character  of  the  cryogenic  textures,  the  conditions  of  the 
new  formation  of  frost  and  also  the  development  of  various  cryogenic  processes 
and  effects  are  determined  essentially  by  heat  exchange  on  the  earth's  surface. 
The  latter  forms  in  definite  geological  and  geographic  conditions,  and  in  con- 
nection with  that  also  changes  together  with  change  of  the  natural  situation 
under  the  Influence  of  the  productive  organization  of  the  territory.  The 
directivity  and  character  of  that  change  can  be  taken  into  consideration  by 
establishing  quantitative  connections  between  the  components  of  the  natural 
environment  and  its  change  under  the  influence  of  man,  on  the  one  hand,  and 
the  characteristics  of  the  seasonally  and  permanently  frozen  rock  masses,  on 
the  other.  The  established  regularities  serve  as  the  basis  for  the  compila- 
tion of  a frost  forecast,  the  purpose  of  which  is  the  scientific  prediction 
of  the  character  of  the  change  of  frost  conditions  which  sets  in  in  the  pro- 
cess of  organization  of  a territory. 

The  present  work  is  the  first  textbook  of  the  course  "Procedure  of  Frost  In- 
vestigations.” It  was  compiled  on  the  basis  of  a series  of  lectures  and  ex- 
perience in  conducting  practical  classes  in  a course  presented  in  the  Depart- 
ment of  Geocryology  of  the  Faculty  of  Geology  of  Moscow  State  University 
over  a period  of  20  years.  At  the  same  time  the  latest  theoretical  developments 
in  frost  studies  were  used  in  writing  the  textbook.  The  textbook  is  so  con- 
structed that  in  it  are  given  the  theoretical  principles  of  forecasting  change 
of  frost  conditions  and  measures  of  the  practical  application  of  various  ways 
to  solve  concrete  problems,  composed  on  the  basis  of  field  and  laboratory  in- 
vestigations of  various  regions  of  permafrozen  rocks. 

The  principal  methodological  aspects  of  frost  forecasting  are  examined  in 
Chapter  1.  By  frost  forecasting  is  understood  the  scientific  prediction  of 
the  direction  of  development  and  degree  of  change  of  frost  conditions  which 
will  occur  in  the  future  either  in  connection  with  the  natural  historical 
course  of  development  of  nature  or  in  connection  with  the  economic  opening  up 
of  the  territory. 
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In  the  chapter  it  is  shown  that  the  regularities  of  the  formation  and  de- 
velopment of  seasonally  and  permanently  frozen  rock  masses  are  concrete 
expressions  of  the  general  laws  of  development  of  matter  for  geological  forms 
of  its  movement.  The  concepts  of  general  and  concrete  forecasts  are  formu- 
lated, corresponding  to  the  tasks  of  small-scale  and  specialized  large-scale 
frost  surveys.  It  also  is  shown  that  only  investigations  which  make  it  pos- 
sible to  reveal  the  particular,  general  and  regional  regularities  of  the  for- 
mation of  frost  conditions  are  the  basis  of  forecasting,  and  the  content  of 
those  concepts  is  revealed. 

Examined  in  Chapter  2 is  the  connection  of  geological,  geographic  and  thermo- 
physical  conditions  of  the  formation  and  existence  of  permafrozen  rocks.  It 
is  shown  that  that  connection  is  accomplished  in  the  process  of  conductive 
and  convective  heat  transfer  in  the  rock  masses.  Examined  is  the  role  of  the 
structure  of  the  radiative  heat  balance  of  the  earth's  surface  for  a half-year 
in  the  formation  of  heat  cycles  in  soils.  In  connection  with  such  a 

formulation  of  the  question,  fairly  great  attention  is  given  to  the  factors 
forming  the  structure  of  the  radiation  heat  balance.  Stated  in  a brief  and 
accessible  form  is  the  procedure  for  determination  of  separate  components  of 
the  radiation  heat  balance  of  the  surface,  which  is  of  great  Importance  in 
the  compilation  of  a forecast  of  changes  of  frost  conditions. 

In  Chapter  3 which  follows  the  theoretical  principles  of  calculation  of  heat 
and  mass  transfer  processes  occurring  in  freezing,  thawing  and  frozen  rocks 
are  stated  rather  completely  and  on  a high  mathematical  level.  It  is  essential 
that,  side  by  side  with  the  solution  of  the  problem  of  freezing  in  a conduc- 
tive formulation,  which  at  present  is  used  very  widely  in  frost  studies,  ex- 
amined in  this  chapter  are  methods  recently  obtained  for  solving  considerably 
more  complex  problems  of  heat  and  mass  transfer  in  freezing  and  thawing  rocks. 
In  connection  with  that,  considerable  attention  is  given  to  the  problem  of 
the  freezing  of  rocks  with  consideration  of  moisture  migration.  Phase  trans- 
formations are  considered  in  the  spectrum  of  negative  temperatures  in  accor- 
dance with  the  curve  of  freezing  water.  Cf  great  importance  are  the  solutions 
of  V.  G.  Melamed  of  a self-modeling  problem  with  consideration  of  radiation, 
which  make  it  possible  to  effectively  investigate  the  regularities  of  complex 
processes  of  heat  and  moisture  transfer  during  freezing.  Those  sections  are 
published  for  the  first  time  in  a logically  completed  form,  and  this  is  of 
great  Independent  scientific  and  practical  Importance.  Also  given  in  the 
chapter  is  a solution  of  the  problem  of  the  thawing  of  rocks  with  consideration 
of  the  infiltration  of  atmospheric  precipitations , which  is  of  great  impor- 
tance in  studying  coarsely  dispersed  rocks. 

The  mathematical  principles  of  frost  studies  in  general  and  frost  forecasting 
in  particular,  presented  in  Chapter  3,  are  very  complex  and  require  the  ap- 
plication of  high-speed  computer  technology  for  their  solution.  Therefore, 
approximate  formulas  for  the  calculation  of  the  basic  characteristics  of 
seasonally  and  permanently  frozen  rocks,  based  on  the  precise  solutions  pre- 
sented in  Chapter  3,  are  examined  in  Chapter  4.  The  approximate  formulas  and 
nomograms  constructed  on  the  basis  of  them  make  it  possible  to  link  the  thermo- 
physical aspect  of  frost  conditions  with  the  geological  and  geographic  and  by 
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the  sane  token  determine  the  particular  and  general  regularities  of  the  for- 
mation and  development  of  seasonal  and  permanent  freezing  of  rocks.  At  the 
same  time  those  formulas  can  be  used  as  rapid  field  methods  for  calculations 
during  a frost  survey. 

Examined  in  Chapter  U are  approximate  formulas  for  determination  of  heat 
cycles  and  depths  of  seasonal  and  permanent  freezing  of  rocks.  Shown  on 
concrete  examples  for  various  regions  of  the  propagation  of  permafrozen  rock 
masses  is  a procedure  for  calculating  the  depth  of  seasonal  freezing  and 
seasonal  thawing  of  rocks  (in  the  case  of  equality  and  inequality  of  the 
thermal  conductivities  of  rocks  in  the  thawed  and  frozen  states),  the  depths 
of  potential  seasonal  freezing  and  seasonal  thawing  of  rocks  and  the  value 
of  the  annual  heat  cyeles  in  the  layer  of  seasonal  and  the  layer  of 

annual  temperature  fluctuations.  Such  a complex  application  of  calculating 
formulas  for  the  forecasting  of  the  main  characteristics  of  seasonally  and 
permanently  frozen  rocks  and  the  study  of  their  dynamics  has  been  made  for 
the  first  time  in  this  work. 

Examined  in  Chapter  5 is  the  Influence  of  various  natural  factors  on  the  for- 
mation of  the  temperature  regime  and  the  depth  of  the  seasonal  freezing  and 
seasonal  thawing  of  rocks.  Presented  in  the  chapter  are  approximate  formulas 
for  determination  of  the  thermal  influence  on  the  temperature  regime  of  soils 
in  the  layer  of  their  seasonal  fluctuations  of  such  factors  as  snow,  vegeta- 
tion, the  water  cover,  swampiness,  the  exposure  and  steepness  of  slopes,  the 
infiltration  of  atmospheric  precipitations  and  the  composition  and  moisture 
of  the  soils.  Calculation  of  the  Influence  of  the  listed  factors  is  examined 
on  concrete  examples. 

Chapter  6 is  devoted  to  forecasting  the  change  of  the  temperature  regime  and 
thickness  of  the  permafrozen  rock  masses,  questions  of  the  formation  of  cry- 
ogenic textures  and  forecasting  the  change  of  properties  of  frozen  soils. 

Since  the  distinctive  features  of  forecasting  changes  of  various  parameters 
of  frozen  rock  masses  involve  to  a considerable  degree  the  type  of  the  frozen 
rock  mass,  its  genesis  and  the  characteristics  intrinsic  to  it,  questions  of 
the  classification  of  seasonally  and  permanently  frozen  rock  masses  are  exa- 
mined in  the  chapter. 

Examined  in  the  same  chapter  is  the  forecasting  of  change  of  thickness  of 
permafrozen  rock  masses,  the  forecasting  of  the  thawing  of  those  masses  and 
the  forecasting  of  their  new  formation.  Much  attention  is  given  to  questions 
of  thermal  subsidence  of  frozen  rock  masses  (subsidence  during  thawing)  and 
change  of  the  thermophysical  and  physicomechanical  properties  of  the  soils  in 
the  thawed  and  frozen  states.  An  approach  to  the  solution  of  various  problems 
connected  with  the  need  to  forecast  thermal  subsidence  is  shown  on  concrete  ex- 
amples. Also  presented  are  examples  of  forecasting  the  change  of  properties  of 
soils  in  connection  with  change  of  their  temperature  and  moisture  regimes  and 
other  factors.  Methods  are  presented  which  make  it  possible  to  forecast  the 
formation  of  cryogenic  textures  in  deposits  under  different  conditions  of  their 
freezing.  Given  in  the  chapter  is  a method  of  calculating  the  maximal  tem- 
peratures of  frozen  soils  at  the  moment  of  complete  jointing  of  the  freezing 
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layer  of  seasonal  Chawing  with  Che  roofs  of  permafrozen  rock  masses,  needed 
for  calculaClon  of  Che  forces  of  freezing  Cogecher  In  Che  period  In  which 
Che  mosc  unfavorable  condlclons  exist  for  Che  work  of  foundaClons  In  connec- 
clon  wich  heaving# 

The  sCudy  of  taliks  In  a region  of  permafrosc  Is  of  enormous  lmporcance  In 
Che  sCudy  of  Che  lnCeracdon  of  masses  of  frozen  rocks  and  subsurface  wafers 
and  Che  soluClon  of  Casks  of  engineering  geology.  Therefore  Chapcer  7 is 
devoCed  Co  an  examinaCion  of  Che  regularldes  of  Che  formaClon  of  caliks  in 
connecclon  wich  frosC  characteristics  In  different  geological  and  geographic 
condlclons.  Given  in  the  chapcer  Is  a genetic  classification  of  taliks  by 
causes  and  conditions  of  existence.  Analysis  of  Che  reasons  for  Che  formation 
and  condlclons  of  existence  of  taliks  in  different  latitudinal  and  geological 
conditions  makes  It  possible  Co  determine  Che  possibility  of  their  origination 
during  Che  productive  organization  of  territories.  In  that  chapter  it  Is  shown 
that  the  compilation  of  a concrete  forecast  of  the  origination  and  development 
of  taliks  is  based  on  methods  of  quantitative  estimation  of  the  influence  of 
different  natural  factors  on  the  temperature  regime  of  the  rocks. 

Examined  in  Chapter  8 are  the  principal  regularities  of  the  formation  of  cry- 
ogenic (frost-geological)  processes  and  phenomena,  and  also  a formulation  and 
solution  of  the  tasks  In  forecasting  their  development.  The  dependence  of  the 
spread  and  character  of  manifestation  of  various  cryogenic  processes  on  the 
geological  conditions  of  heat  transfer  on  the  surface  of  rocks  is  investigated. 
Distinctive  features  of  the  spread  of  processes  and  phenomena  In  different 
frost  and  temperature  zones  and  geostructural  regions  are  examined  In  connection 
with  that  and  examples  of  calculations  are  presented. 

Chapter  9 devoted  to  the  solution  of  various  problems  In  forecasting  with 
electronic  and  analog  computers.  Presented  In  the  first  part  of  the  chapter 
are  the  results  of  solution  of  problems  both  In  a self-modeling  and  In  a gen- 
eral formulation,  devoted  to  the  quantitative  Investigation  of  general  and 
particular  regularities  of  the  processes  of  heat  and  mass  transfer  in  freezing 
and  thawing  soils.  Numerical  integration  of  the  indicated  problems  Is  done  on 
the  basis  of  the  algorithms  developed  in  Chapter  3.  In  particular,  one  should 
note  here  the  finding  of  the  course  of  heat  fluxes  in  time  and  the  amounts  of 
heat  cycles  in  different  sections  of  the  ground  as  a function  of  the  mean 

amplitude  of  the  temperature  fluctuations  on  the  surface,  the  moisture  of  the 
rocks,  etc.  In  addition,  presented  here  are  the  results  of  solution  of  a num- 
ber of  problems  relating  to  freezing  with  moisture  migration  which  make  It  pos- 
sible to  quantitatively  establish  the  Interconnection  between  the  cryogenic 
structure  and  heaving,  on  the  one  hand,  and  the  conditions  of  freezing  (In 
particular.  In  connection  with  wanning  and  cooling  during  winter),  on  the  other. 
That  group  of  problems  Is  solved  with  an  electronic  computer. 

Examined  at  the  conclusion  of  the  chapter  are  complex  multidimensional  problems 
arising  in  the  solution  of  questions  of  frost  forecasting  In  connection  with 
construction  in  the  region  of  distribution  of  seasonally  and  permanently  frozen 
rocks.  One  should  note  here  the  solution  of  problems  relating  to  the  dynamics 
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of  the  temperature  field  in  the  body  and  base  of  an  earthen  dam,  to  haloes 
of  thawing  around  buried  pipelines,  to  the  basin  of  defrosting  under  struc- 
tures, etc.  Most  of  those  problems  were  solved  with  an  analog  computer  (the 
IGL  hydraulic  integrator  and  the  £1-12  electrical  integrator). 

rhe  textbook  ends  with  Chapter  10,  devoted  to  the  main  aspects  of  frost  sur- 
veying and  mapping  for  purposes  of  frost  forecasting.  In  that  chapter  it  is 
shown  that  the  forecasting  of  frost  conditions  in  the  process  of  productive 
activity  is  possible  only  on  Che  basis  of  study  of  the  regional  and  zonal 
regularities  of  the  formation  and  development  of  seasonally  and  permanently 
frozen  rock  masses  through  determination  of  the  quantitative  influence  of  all 
the  main  factors  of  the  natural  environment  on  the  characteristics  of  the 
seasonally  and  permanently  frozen  rock  masses.  The  qualitative  and  quanti- 
tative establishment  of  such  bilateral  dependences,  giving  all  the  calculat- 
ing parameters,  is  possibly  only  while  making  a frost  survey,  in  the  process 
of  which  those  calculations  also  are  made. 

Ch  the  whole  it  should  be  noted  that  such  a text  book  has  been  created  for 
the  first  time  not  only  in  our  country  but  also  abroad.  It  was  written  with 
consideration  of  the  latest  achievements  in  frost  studies  and  in  essence  is 
a generalizing  work  in  the  area  of  the  making  of  a frost  forecast.  An  orig- 
inal methodical  form  of  presentation  of  the  material,  supported  by  examples 
of  calculations,  was  found  and  used  in  wilting  the  textbook.  At  the  same 
time  it  must  be  noted  that  since  such  a textbook  has  been  written  for  the 
first  time  it  probably  has  some  shortcomings  which  will  be  eliminated  in  a 
later  edition.  Me  ask  that  you  send  your  comments  and  requests  relating  to 
the  questions  examined  in  it  to:  Moscow  V-234,  Lenlnskiye  gori,  MGU,  Faculty 

of  Geology,  Department  of  Geocryology. 

Chapters  1,  2,  4,  5,  6,  7,  8 and  10  were  written  by  V.  A.  Kudryavtsev,  L.  S. 
Garagulya  and  K.  A.  Kondrat'yeva.  The  examples  in  those  chapters  were  com- 
piled by  L.  S.  Garagulya  under  the  supervision  of  V.  A.  Kudryavtsev.  Chap- 
ters 3 and  9 were  written  by  V.  G.  Melamed.  Participating  in  the  writing  of 
the  textbook,  besides  the  main  authors,  were  Ye.  I.  Nesmelov  (sections  2 and 
3,  Chapter  2),  Ye.  P.  Shusherin  (section  8,  Chapter  6)  and  A.  A.  Ananyan  and 
N.  N.  Smirnov  (section  7,  Chapter  6).  In  the  preparation  of  the  manuscript 
for  the  press  much  help  was  rendered  by  V.  P.  Volkov,  N.  I.  Chizhov,  M.  I. 
Syritsyn  and  G.  I.  Krylov,  to  whom  the  authors  express  their  appreciation. 

The  textbook  is  intended  for  students  and  specialists  --  frost  specialists, 
geological  engineers,  hydrogeologists,  cryolithologlsts  and  students  and  spe- 
cialists of  allied  directions  -•  surveyors,  planners  and  builders.  The  book 
will  be  useful  to  many  other  specialists  working  in  the  area  of  the  distribu- 
tion of  seasonally  and  permanently  frozen  rocks. 
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Chapter  1.  Principal  Aspects  of  Frost  Forecasting 

By  frost  forecasting  is  understood  the  scientific  prediction  of  the  develop- 
ment and  change  of  frost  conditions  which  will  occur  in  the  future  either  in 
connection  with  the  natural  historical  course  of  development  of  nature  or  in 
connection  with  construction  and  the  economic  organization  of  territory.  The 
task  of  compiling  a forecast  assumes  knowledge  in  advance  of  the  natural  his- 
torical conditions  of  the  studied  region  and  especially  of  all  parameters  of 
the  natural  environment  which  determine  the  frost  situation.  Therefore  the 
forecast  of  change  of  frost  conditions  in  geological  engineering  investiga- 
tions must  be  compiled  only  on  the  basis  of  study  of  general  and  particular 
regularities  in  the  formation  and  development  of  frozen  rock  masses  and  the 
processes  and  effects  accompanying  them.  Consequently  the  preliminary  study 
of  those  particular  and  general  regularities  is  an  obligatory  initial  moment 
in  the  compilation  of  the  forecast. 

By  particular  regularities  is  understood  the  establishment  of  a regular  de- 
pendence between  separate  components  of  the  natural  environment  (including 
the  anthropogenic  factor)  such  as  the  character  of  the  radiation-heat  balance, 
the  relief  (steepness  and  exposure),  covers  (snow,  vegetative,  water  and  ar- 
tificial), the  composition,  complexity  and  moisture  of  the  ground,  etc,  and 
the  character  of  the  ffost  conditions  --  the  spread,  bedding  and  thickness  of 
the  permaffhaen  rock  masses,  the  formation  of  the  temperature  regime  and  the 
depths  of  the  seasonal  thawing  (freezing),  cryogenic  textures  and  iciness,  and 
cryogenic  processes  and  formations.  In  that  case  one  has  in  mind  the  estab- 
lishment not  only  of  a qualitative  but  mainly  of  a /quant itat ive/  connection. 

By  general  regularities  is  understood  the  interconnection  of  the  components 
of  the  natural  environment.  Including  also  the  production  activity  of  man, 
with  the  general  complex  of  frost  conditions.  In  them  particular  regularities 
are  manifested  in  Interconnection  and  interaction. 

General  and  particular  regularities  are  manifested  both  in  separate  landscape 
types  and  within  the  limits  of  regions.  Depending  on  the  scale  of  the  survey, 
local  and  regional  regularities  in  the  forntition  of  frost  conditions  should 
be  distinguished.  Thus  the  general  regularities  in  the  formation  of  frost 
conditions  can  be  examined  on  both  the  regional  and  the  local  levels.  The 
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same  should  be  said  also  in  relation  to  particular  regularities.  Thus,  for 
example,  one  can  examine  the  influence  of  the  snow  cover  both  on  separate 
areas  and  landscape  types  and  within  the  limits  of  the  entire  region  of  season- 
ally and  permanently  frozen  rocks.  In  that  case  the  method  of  studying  par- 
ticular and  general  regularities  must  be  based  on  the  assumption  that  those 
regularities  in  the  formation  and  development  of  permafrozen  rock  masses  are 
a concrete  expression  of  general  laws  of  the  development  of  matter  for  geo- 
logical forms  of  its  movement.  Therefore  the  principal  laws  of  the  develop- 
ment of  matter,  considered  from  positions  of  the  Leninist  theory  of  cognition, 
must  be  the  basis  of  study  of  the  regularities  of  the  formation  of  permafrozen 
rock  masses  for  the  compilation  of  a forecast. 

It  is  a matter  primarily  of  a law  reflecting  the  general  connection  of  pheno- 
mena and  processes  in  nature,  in  accordance  with  which  the  frost  conditions 
must  be  considered  in  a close  interconnection  with  the  entire  complex  of  the 
natural  situation,  and  above  all  with  the  geological  genetic  types  of  rocks. 
From  the  correspondence  to  definite  natural  complexes  of  concrete  frost  con- 
ditions flows  a conclusion  of  the  possibility  and  necessity  of  application  of 
a landscape  indication  method.  Its  methodological  basis  consists  in  the  fact 
that  the  investigated  region  is  subdivided  into  a number  of  sections  (micro- 
regions and  landscape  types)  characterized  by  definite  geological  conditions 
and  other  elements  of  a complex  of  the  natural  environment.  Within  the  limits 
of  each  microregion  concrete  forms  and  regularities  in  the  formation  and  de- 
velopment of  seasonally  and  permanently  frozen  rock  masses  are  studied.  In 
that  case  one  should  have  in  mind  a second  general  law  of  the  development  of 
matter  — the  law  of  continuity  of  motion  --  of  development.  Permafrozen 
rock  masses  are  characterized  by  a relatively  large  dynamics  of  all  the  main 
parameters  in  time.  Therefore  frost  investigations  must  be  completed  with  a 
forecast  of  the  change  of  frost  conditions  compiled  on  the  basis  of  compre- 
hensive study  of  the  dynamics  of  permafrozen  rock  masses. 

The  universal  connection  of  phenomena  and  the  universal  continuous  development 
of  processes  and  phenomena  leads  to  a need  to  study  the  causal  connection  of 
of  permafrozen  rock  masses  with  different  elements  of  the  geological  and  geo- 
graphic environment.  This  determines  the  need  to  study  particular  regulari- 
ties of  the  formation  of  frozen  rock  masses  on  key  sections  for  each  landscape 
complex  which  make  it  possible  to  extend  those  regularities  to  all  sections 
similar  in  natural  conditions.  The  obtained  particular  regularities  serve 
as  the  basis  for  the  establishment  of  general  regularities  in  the  formation 
of  frost  conditions  of  the  entire  studied  territory  and  a Iso  for  the  compila- 
tion of  a forecast  of  the  change  of  frost  conditions  in  connection  with  con- 
struction and  the  productive  organization  of  the  territory. 

An  extremely  important  aspect  in  the  compilation  of  the  forecast  is  determina- 
tion of  the  conditions  of  the  transition  of  rocks  from  the  frozen  into  the 
thawed  state  and  the  reverse,  that  is,  their  qualitative  change.  That  tran- 
sition is  a concrete  expression  of  a law  of  the  development  of  matter  -- 
transition  from  quantity  to  quality.  The  different  state  of  rocks  is  connected 
qualitatively  with  the  appearance  or  disappearance  of  the  rock-forming  mineral. 
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ice,  in  the  rocks.  The  amount  of  ice  and  the  character  of  its  distribution 
in  the  rock,  which  determine  the  cryogenic  texture,  cause  change  of  the  com- 
position and  properties  of  the  frozen  rock  masses,  distinctive  features  of 
the  course  of  various  processes,  the  formation  of  phenomena  and  by  the  same 
token  engineering  geological  characteristics  of  the  investigated  territory. 
Therefore  it  is  necessary  to  thoroughly  study  the  distinctive  features  of  the 
formation  of  cryogenic  textures  for  each  lithological  genetic  complex  of  rocks 
as  a function  of  all  factors  of  the  geological  and  geographic  environment. 

Thus,  in  the  compilation  of  the  forecast  the  rocks  themselves  are  the  decisive 
factor.  Without  their  evaluation  it  is  impossible  to  compile  a forecast  of 
the  change  of  the  temperature  regime  of  the  rocks  and  all  the  other  charac- 
teristics of  frozen  rock  masses.  This  should  be  regarded  as  an  expression  of 
the  basic  position  of  Marxist-Leninist  philosophy  of  the  /primacy  of  matter/. 
Permafrozen  rock  masses  must  be  the  main  object  of  investigation  in  the  com- 
pilation of  a forecast  of  the  change  of  frost  conditions. 

In  studying  permafrozen  rocks,  several  approaches  are  possible  in  principle. 

It  is  possible  to  examine  concrete  frost  conditions  within  the  limits  of  the 
spread  of  a given  landscape  type  as  a simple  correspondence  of  them  without 
studying  the  cause  and  mutual  conditionality.  It  is  obvious  that  such  an 
approach  is  methodically  incorrect.  In  that  case  the  possibility  of  forecast- 
ing changes  of  frost  conditions  is  excluded. 

Also  erroneous  is  the  approach  in  which  only  bilateral  connections  are  studied 
(frozen  rocks  and  climate,  frozen  rocks  and  geobotanical  conditions,  etc)  with- 
out considering  them  in  an  interaction  with  the  entire  complex  of  natural  con- 
ditions. A scientific  forecast  can  be  given  only  if  investigations  have  been 
conducted  from  positions  of  the  Leninist  theory  of  cognition,  which  assumes 
/unity  of  analysis  and  synthesis/.  From  those  positions  the  process  of  a frost 
survey  includes  the  following  steps  of  cognition:  subdivision  of  the  territory 

into  landscape  types  with  the  separation  of  lithological-genetic  complexes  of 
rocks,  study  of  the  characteristics  of  the  natural  conditions  within  the  limits 
of  the  distinguished  types,  the  stud"  and  analysis  of  particular  regularities 
in  the  formation  of  frozen  rocks  as  a function  of  each  element  of  the  natural 
complex,  especially  on  the  composition,  structure  and  position  of  rocks,  and 
their  generalization  --  synthesis  as  an  expression  of  their  interconnection 
and  interaction  in  the  form  of  general  regularities  in  the  formation  of  perma- 
frozen rock  masses  over  a territory  as  a function  of  the  joint  action  of  all 
components  of  the  complex.  The  last  stage  in  the  cognition  of  the  studied 
object  is  checking  the  correctness  of  the  established  regularities  through 
practical  investigations.  This  implements  in  practice  the  basic  position  of 
the  Marxist-Leninist  theory  of  cognition,  which  says:  practice  is  the  cri- 

terion of  truth. 

As  a result  of  construction  and  the  productive  organization  of  territory, 
substantial  changes  of  geological  and  geographic  conditions  are  occurring  which 
involve  changes  of  the  frost  situation  and  all  the  more  so  of  geological  engin- 
eering conditions.  The  character  of  that  connection  is  expressed  in  particu- 
lar and  general  regularities  of  the  formation  and  development  of  seasonally 
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and  permanently  frozen  rocks  and  is  studied  in  the  process  of  a frost  survey. 
The  indicated  regularities  are  determined,  on  the  one  hand,  by  the  thermody- 
namic and  thermophysical  laws  and,  on  the  other,  by  the  geological  character- 
istics of  the  studied  region.  Therefore  it  would  be  wrong  to  consider  the 
forecast  of  change  of  frost  conditions  to  be  a result  only  of  thermophysical 
processes  which  can  be  determined  by  thermal  engineering  calculations.  Then, 
for  example,  the  warming  influence  of  the  snow  cover  cannot  be  regarded  as  a 
result  of  the  influence  of  the  thermally  insulating  layer  (snow)  with  certain 
characteristics  of  thermal  resistance.  The  influence  of  the  snow  will  actually 
be  determined  to  a considerable  degree  by  the  annual  heat  cycles  in  the  soil. 

On  two  sections  with  different  annual  heat  cycles  in  the  soil  but  with  identi- 
cal thickness  and  density  the  influence  of  the  snow  will  be  different.  The 
greater  the  amount  of  the  heat  cycles  the  more  significantly  will  the  warming 
influence  of  a snow  cover  similar  in  thickness  and  density  be  expressed.  If 
it  is  taken  into  account  that  the  heat  cycles  in  the  soil  depend  on  the  com- 
position, structure  and  mode  of  occurrence  of  the  rocks,  that  is,  on  the  geo- 
logical conditions  of  their  formation  and  the  existence  of  frost,  and  also  on 
the  moisture  regime  of  the  soil  and  the  character  of  the  radiation  heat  balance 
of  the  surface,  then  all  the  complexity  of  the  question  under  consideration  and 
the  impossibility  of  regarding  the  warming  influence  of  snow  as  a thermal  en- 
gineering effect  become  obvious. 

Similar  examples  can  also  be  presented  with  respect  to  the  influence  of  other 
geological  and  geographical  factors  on  the  formation  of  the  temperature  regime 
and  the  depths  of  freezing  and  thawing  of  rocks  (§). 

As  aspect  of  great  importance,  as  will  be  shown  in  the  following  chapters,  is 
the  fact  that  the  heat  cycles  in  the  soil  depend  on  the  thickness  of  the  layer 
of  seasonal  freezing  and  thawing  and  on  the  average  annual  temperatures  of  the 
rocks.  Therefore  the  influence  of  one  and  the  same  factors  (snow,  vegetation, 
etc)  will  have  a different  effect  on  the  formation  of  the  temperature  regime 
of  the  rocks  and  the  depths  in  the  case  of  seasonal  freezing  and  in  the  case 
of  seasonal  thawing  of  rocks.  Therefore  in  examining  the  thermodynamic  and 
thermophysical  regularities  and  in  conpiling  calculating  procedures  it  is  ab- 
solutely necessary  to  take  into  account  the  geological  and  geographic  aspects 
of  the  phenomena,  so  that  similar  parameters  in  the  calculating  procedures  can 
be  measured  directly  in  the  field  and  linked  with  distinctive  features  of  the 
natural  situation. 

The  basis  of  the  formation  of  the  temperature  regime  tf  the  rocks,  reflecting 
the  character  of  the  heat  transfer  in  the  soil  and  atmosphere,  is  the  radiation 
heat  balance  of  the  surface  of  the  soils.  The  frost  conditions  are  determined 
to  a considerable  degree  by  the  course  of  the  change  of  the  radiation  heat 

balance  by  seasons  of  the  year.  Therefore  in  compiling  a forecast  of  changes 

of  frost  conditions  one  cannot  limit  oneself  to  average  data  of  the  radiation 
heat  balance  of  the  surface  during  the  year.  Only  when  the  latter  is  consid- 
ered for  a half-year  or  a shorter  time  interval  can  the  connection  of  the  heat 

cycles  in  the  soil  and  the  remaining  components  of  the  radiation  heat  balance 
be  revealed.  Such  an  approach  makes  it  possible  to  estimate  the  role  and 
importance  of  the  radiation  heat  balance  of  the  surface  in  the  formation 
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of  frost  conditions  as  a function  of  such  factors  as  the  subsurface  waters, 
the  infiltration  of  volatile  sediments,  etc.  Without  taking  those  distinc- 
tive features  into  consideration  it  is  impossible  to  form  a correct  idea  of 
the  change  of  frost  conditions  in  connection  with  construction  and  the  pro- 
ductive organization  of  a territory. 

In  accordance  with  the  above,  the  following  general  scheme  of  procedure  for 
frost  forecasting  is  presented.  In  the  beginning  a frost  survey  is  made  in 
the  investigated  region,  as  a result  of  which  the  geological  and  genetic 
types  of  frozen  rocks  and  distinctive  features  of  the  formation  of  cryogenic 
textures  within  their  limits  are  studied,  and  also  particular  and  general 
regularities  of  the  formation  of  seasonally  and  permanently  frozen  rocks  and 
the  frost  processes  occurring  in  them.  In  that  case  it  is  necessary  to  es- 
tablish not  only  the  qualitative  connections  of  the  frost  characteristics 
with  the  geographic  and  geological  factors  of  the  natural  environment  but 
also  their  quantitative  expression  on  the  basis  of  calculating  schemes  which 
take  into  consideration  both  the  thermophysical  and  geological  aspects  of 
the  phenomenon  in  a concrete  situation.  In  addition,  taking  into  account 
the  character  of  the  change  of  the  geological  and  geographic  conditions  as 
a result  of  proposed  or  planned  construction  and  economic  opening  up  of  the 
territory,  the  changes  of  frost  conditions  are  calculated  both  for  the  entire 
studied  territory  and  for  separate  sections  and  structures.  The  concluding 
stage  of  a frost  forecast  must  be  the  working  out  of  methods  of  control  or 
purposeful  change  of  the  frost  and  engineering  geological  conditions  to  assure 
optimal  working  of  the  equipment  in  the  planned  conditions. 

The  calculating  forecasting  schemes  must  include:  a)  calculations  of  the 
radiation  heat  balance  of  the  surface!  with  consideration  of  the  influence 
of  the  geographic  and  geological  factors;  b)  calculations  of  the  conductive 
and  convective  heat  transfer  in  the  soil;  c)  calculations  of  the  freezing  of 
dispersed  systems  with  a front  and  with  a zone  of  freezing. 

A theoretical  substantiation  of  the  calculating  schemes  is  given  in  chapters 
3 and  4.  Analytical  methods  of  calculation  and  methods  of  simulating  frost 
processes  are  indicated  in  Chapter  3,  and  analog  and  electronic  computer 
methods  of  calculating  frost  problems  in  Chapter  9.  On  that  basis  rapid 
field  methods  have  been  developed  for  the  calculation  of  forecast  frost  char- 
acteristics by  means  of  approximate  formulas  and  nomograms  (Chapters  4,  5, 

6,  7 and  8). 

In  making  a frost  forecast  it  is  necessary  to  distinguish: 

a)  the  forecast  of  change  of  frost  conditions  connected  with  the  natural 
course  of  the  dynamics  of  permafrost  in  accordance  with  the  natural  course 
of  change  of  the  geological  and  geographic  environment; 

b)  the  forecast  of  change  of  frost  conditions  in  connection  with  the  concrete 
productive  activity  of  man  within  the  limits  of  separate  sections  and 
with  the  construction  of  specific  structures; 

c)  the  forecast  of  change  of  frost  conditions  on  wide  areas  in  connection 
with  the  sumnary  effect  of  a complex  of  structures  and  the  productive 
organization  of  large  territories. 
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In  that  case  it  is  necessary  to  take  into  consideration  distinctive  features 
of  frost  forecasting  in  different  stages  of  the  investigation.  In  a small- 
scale  survey  (1:500,000  - 1:200,000,  the  stage  of  technical  and  economic  sub- 
stantiation) a forecast  of  change  of  frost  conditions  is  given  in  very  general 
form.  Here  one  should  above  all  bear  in  mind  the  change  of  frost  conditions 
in  connection  with  change  of  the  influence  of  various  factors  of  the  natural 
environment,  which  can  either  be  connected  with  their  natural  change  in  time 
or  be  given  provisionally  for  the  proposed  promising  sections  of  the  territory. 
This  includes  the  influence  of  the  snow  and  vegetation  covers,  the  composition 
and  moisture  of  the  rocks,  the  steepness  and  exposure  of  slopes,  the  infiltra- 
tion of  summer  atmospheric  precipitations,  surface  and  subsurface  waters, 
swampiness,  etc.  The  influence  of  those  factors  must  be  examined  from  posi- 
tions of  the  formation  of  the  radiative  heat  balance  of  the  surface  and  the 
average  annual  temperatures  of  the  rocks  in  the  layer  of  their  annual  fluctu- 
ations . 

In  medium-scale  and  large-scale  surveys  (1:100,000  and  larger,  the  stage  of 
the  technical  plan  and  working  drawings)  a specific  forecast  is  compiled  of 
the  change  of  frost  conditions  for  separate  sections  and  construction  sites 
as  a function  of  distinctive  features  of  the  planned  structures  and  the  de- 
signated productive  organization  of  a territory.  The  basis  of  that  forecast 
is  the  general  forecast,  discussed  above,  the  data  of  which  are  determined 
more  precisely  for  the  specific  conditions.  In  addition,  artificial  trans- 
formations of  the  natural  situation  are  taken  into  account,  such  as  the  level- 
ing of  the  terrain,  the  cutting  off  and  filling  in  of  soil,  the  construction 
of  earthen  structures,  the  draining  and  irrigation  of  soils,  tree  planting 
and  tree  felling,  the  planting  of  lawns,  the  construction  of  artificial  cov- 
ers, etc.  The  influence  of  all  these  transformations  is  taken  into  consid- 
eration in  a forecast  through  change  of  the  radiative  heat  balance  of  the 
surface  and  the  forntetion  of  average  annual  temperatures  of  the  rocks. 

In  compiling  a forecast  much  attention  must  be  given  to  processes  of  thawing 
of  permafrost  rock  masses  and  the  formation  of  them  again  as  a result  of  con- 
struction. Forecasted  in  that  connection  are  both  the  changes  of  depths  of 
the  layer  f and  changes  of  the  composition  and  structure  of  the  thawing, 
freezing  and  frozen  soils  and  their  properties  in  accordance  with  the  general 
forecast  of  change  of  frost  conditions.  In  addition,  the  frost  forecast  also 
includes  a forecast  of  the  change  of  properties  of  the  frozen  rocks  in  con- 
nection with  the  change  of  their  temperature  regime.  The  forecasting  of  the 
development  of  cryogenic  processes  and  phenomena  also  is  important.  On  the 
basis  of  everything  said  above  a final  frost  forecast  is  compiled  for  the  in- 
vestigated region.  The  concluding  moment  in  its  compilation  during  medium- 
and  large-scale  surveys  is  the  development  of  methods  of  controlling  the  frost 
process  in  order  to  achieve  optimal  conditions  for  the  work  of  the  structures. 
That  development  involves  definite  concrete  recoimendat ions  regarding  the 
productive  organization  of  the  territory  and  the  selection  of  a principle  of 
construction  and  structural  characteristics  of  the  bases  and  foundations  of 
various  structures.  Thus  an  essential  difference  of  the  frost  forecast  is 
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determined  in  different  stages  of  investigation,  exploration  and  planning, 
and  also  the  sequence  and  succession  in  the  scheme  --  a general  forecast 
during  a small-scale  survey  and  a specific  forecast  during  medium-  and  large- 
scale  surveys. 

A necessary  condition  of  frost  forecasting  is  the  application  of  simple  and 
at  the  same  time  sufficiently  reliable  and  precise  calculating  schemes.  In 
that  respect  the  most  advisable  are  calculating  schemes  based  on  precise 
mathematical  solutions  of  the  problems  of  conductive  and  convective  heat 
transfer.  On  the  basis  of  them  algorithms  are  compiled  for  the  solution  of 
heat-transfer  problems  by  electronic  computer.  In  accordance  with  those 
schemes  series  of  standard  or  reference  cases  of  those  problems  are  calcu- 
lated for  extreme  and  typical  conditions.  On  the  basis  of  them  particular 
and  general  dependences  are  determined  for  the  characteristics  of  heat  trans- 
fer on  different  factors  and  for  the  further  convenience  of  calculations  nomo- 
grams are  compiled  with  a precision  sufficient  for  practical  purposes. 

Heat -transfer  problems  are  solved  simultaneously  with  analog  computers  and 
the  obtained  results  are  compared  with  electronic  computer  solutions.  How- 
ever, numerical  solutions  obtained  by  those  methods  not  always  make  it 
possible  to  reveal  the  general  regularities  of  heat  transfer  as  a function 
of  each  parameter  of  the  natural  situation.  It  is  better  for  that  purpose 
to  use  approximate  calculating  formulas  which  include  parameters  obtained  in 
the  process  of  a frost  survey.  In  addition,  the  starting  data  for  a frost 
forecast  can  change  substantially  in  the  process  of  planning  and  construction 
and  it  may  be  necessary  to  recalculate  the  forecast.  It  is  convenient  to  do 
that  by  means  of  a simple  procedure  suitable  for  field  conditions,  rapidly 
and  reliably.  Approximate  formulas  give  a very  great  effect  here. 

Approximate  formulas  are  calculated  and  verified  on  the  basis  of  a precise 
electronic  computer  solution  and  the  limits  of  application  of  those  formulas 
and  their  precision  are  determined.  Verified  variants  of  those  formulas  are 
r ecoumended  for  calculations.  An  obligatory  condition  for  their  application 
is  comparison  of  the  obtained  results  of  calculation  with  full-scale  obser- 
vations on  the  investigated  areas  and  key  sections. 

In  working  up  a frost  forecast  it  is  necessary  to  select  from  the  entire 
variety  of  approximate  formulas  those  which  would  make  it  possible  to  take 
into  consideration  both  the  thermophysical  and  the  geolog ica 1 -geograph ic 
regularities  of  heat  transfer.  One  should  add  to  that  that  the  calculating 
formulas  include  only  parameters  which  can  be  determined  during  a frost  sur- 
vey. This  makes  it  possible  to  obtain  in  the  field  by  means  of  rapid  calcu- 
lating methods  such  data  as  the  average  annual  tempera tures  of  soils  at  dif- 
ferent depths  and  the  naximal  depths  of  seasonal  freezing  and  thawing,  and 
many  others.  In  the  case  of  any  sort  of  discrepancies  both  the  starting  data 
and  the  calculations  themselves  can  be  verified  in  the  field.  The  specific 
forecast  for  separate  areas  and  structures  is  refined  on  the  basis  of  more 
precise  calculating  schemes  during  processing  in  the  office. 
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The  final  goal  of  frost  investigations  and  a frost  forecast  is  an  engineering 
geological  evaluation  of  the  investigated  region.  In  the  area  of  spread  of 
pernwfrozen  rocks  that  evaluation,  in  spite  of  the  application  of  an  entire 
complex  of  engineering  geological  investigations,  can  be  given  only  on  a frost 
basis.  Thus  it  is  more  correct  to  say  that  in  the  region  of  permafrozen  rocks 
a complex  frost  engineering  geological  survey  must  obligatorily  be  made,  and 
it  must  include  a complex  of  investigations,  both  frost  and  engineering  geo- 
logical. A less  illuminated  question  in  those  investigations  is  the  method 
of  frost  forecasting,  to  which  the  present  work  is  devoted. 
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Chapter  2.  Interconnection  of  the  Geographical,  Geological  and  Thermo- 
physical  Conditions  of  the  Formation  and  Existence  of 
Seasonally  and  Permanently  Frozen  Rocks 

1,  The  Radiation  Heat  Balance  of  the  Surface  of  the  Soil  as  a Condition 
of  the  Formation  and  Dynamics  of  Seasonally  and  Permanently  Frozen 
Rocks 

The  thermal  state  of  the  surface  of  the  Earth  is  determined  by  the  amount 
of  arriving  short-wave  solar  energy,  its  transformation  into  long-wave 
energy  and  the  character  of  the  thermal  processes  connected  with  the  absorp- 
tion of  solar  energy  by  the  Earth's  surface. 

The  balance  of  solar  energy  on  the  Earth's  surface  during  a certain  time 
interval  is  determined  with  the  equation 

Qc>v,(l  -«)  — / R.  (2  !1) 

where  Q is  the  sunmary  short-wave  radiation  of  the  Sun  and  sky,  represent 
ing  thessum  of  the  direct  solar  radiation  (Q ' ) arriving  on  a horizontal  sur- 
face an(j  the  scattered  radiation  (<4)  arriving  from  the  vault  of  heaven, 
kcal/cm  , 

a is  the  albedo  of  the  Earth's  surface,  determined  as  the  ratio  of  the  short 
mrve  radiation  reflected  from  that  surface  to  the  total  which  arrived  (in 
percentages  or  fractions  of  unity); 

1 is  the  effective  long-wave  radiation,  equal  to  the  difference  between  the 
proper  radiation  of  the  surface  (I  ) and  the  radiation  of  the  atmosphere 
(1  ) directed  from  the  atmosphere  toward  the  Earth's  surface,  kcal/cm2; 

R is  the  residual  radiation  or,  as  it  is  usually  called,  the  radiation  bal- 
ance, representing  the  difference  between  the  absorbed  short-wave  radiation 

Q (1  - a)  and  the  effective  long-wave  radiation  I,  kcal/cm  . 
sum 

The  equation  of  the  heat  balance  of  the  Earth's  surface  is  in  essence  an  ex- 
pression of  the  law  of  energy  conservation.  It  is  written  as  follows: 

R - LF.  + P P B,  it.™  R — LE  P B 0.  (2.12) 

where  LE  is  the  expenditure  of  heat  on  the  process  of  sunmary  evaporation 
(evaporation  of  the  soil  and  the  transpiration  of  moisture  by  vegetation), 
kcal/cm2; 
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P is  the  expenditure  of  heat  on  the  process  of  turbulent  heat  transfer  be- 
tween the  Earth's  surface  and  the  atmosphere,  kcal/cn/; 

B is  the  heat  transfer  between  the  Earth's  surface  and  the  soil,  kcal/cm  . 

The  formation  and  dynamics  of  the  process  of  seasonal  and  permanent  freezing 
of  rocks  are  determined  by  the  structure  of  the  radiation  heat  balance  of 
the  surface.  To  study  the  connection  of  the  thermal  processes  taking  place 
in  rocks  with  the  thermal  processes  taking  place  on  the  Earth's  surface  it 
is  necessary  to  examine  the  influence  of  all  components  of  the  radiation  heat 
balance  on  the  temperature  of  the  surface  and  the  basement  rocks  within  the 
annual  cycle  (during  the  main  seasons  of  the  year). 

As  is  known,  with  change  of  the  time  of  year  in  the  middle  and  high  latitudes 
there  is  a sharp  change  in  the  arrival  of  direct  and  scattered  radiation,  the 
character  of  the  surface  and  its  albedo  and  in  the  final  account  the  amount 
of  absorbed  radiation.  The  effective  radiation  undergoes  considerable  changes 
in  connection  with  change  of  the  surface  temperature.  The  same  should  also 
be  said  with  respect  to  evaporation.  All  the  indicated  components  vary  quan- 
titatively in  the  course  of  the  year  while  preserving  their  sign  unchanged. 

The  situation  is  different  as  regards  turbulent  heat  transfer  and  heat 
cycles  in  the  soil.  They  vary  not  only  quantitatively  but  also  in  their 
sign.  The  change  of  sign,  as  a rule,  is  connected  with  change  of  the  seasons 
of  the  year. 

The  direct  and  scattered  radiations  reach  large  values  in  the  summer  and 
are  reduced  to  a minimum  in  the  winter  period.  Simultaneously  with  that,  in 
winter  the  snow  cover,  with  its  albedo  of  close  to. 70-80%,  reduces  the  absorbed 
radiation  to  almost  zero.  In  the  winter  period  the  effective  radiation  always 
is  substantially  smaller  than  the  absorbed  radiation,  so  that  the  radiation 
balance  is  positive  and  reaches  such  large  values  that  its  sum  during  the  year 
also  remains  positive  on  practically  all  the  territory  of  the  globe.  The  main 
amount  of  that  energy  is  expended  on  evaporation,  turbulent  heat  transfer  and 
heat  cycles  in  the  soil.  In  the  winter  period,  when  the  absorbed  radi- 

ation is  sharply  reduced,  upon  transition  of  the  surface  temperature  through 
0°  the  evaporation  and  turbulent  heat  transfer  become  close  to  zero  and  the 
radiation  heat  balance  for  the  surface  under  natural  conditions  can  be  written 
as  follows: 

(Q'  <7)0  u)  / ; B.  (2.1.3) 

It  follows  from  what  has  been  said  that  such  components  and  heat  expenditures 
on  evaporation  and  turbulent  heat  transfer  are  of  great  importance  in  the  for- 
mation of  positive  temperatures  of  the  surface  of  the  soil  and  ground  in  the 
spring  and  summer,  in  the  period  of  maximal  arrival  of  solar  radiation.  The 
effective  radiation  exerts  the  main  influence  on  the  formation  of  negative 
temperatures  of  the  surface  of  the  soil. 

The  freezing  of  rocks  involves  a sharp  reduction  of  the  arriving  solar  radi- 
ation and  an  excess  of  the  effective  radiation  over  the  absorbed,  that  is, 
a negative  radiation  balance,  as  a result  of  which  a temperature  of  0°  or  lower 
is  established  on  the  surface  of  the  soil.  It  can  readily  be  shown  that  at 
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that  time  the  negative  radiation  balance  in  essence  consists  of  a negative 
heat  cycle  in  the  soils  and  basement  rocks.  Therefore  the  amount  of  the  nega- 
tive radiation  balance  is  determined  essentially  by  the  structure  of  the  annual 

heat  cycles  in  the  soil. 

At  a temperature  of  the  soil  surface  of  0°,  in  the  structure  of  the  heat  cycles 
in  soils  the  main  importance  is  acquired  by  the  heat  of  phase  transitions  of 
water  into  ice.  During  a certain  time  that  process  keeps  a zero  temperature 
on  the  soil  surface  or  close  to  it  (a  zero  screen).  Later  (in  winter),  when 
the  soil  is  frozen,  the  surface  tempereture  under  the  snow  remains  somewhat 
higher  thanks  to  heat  cycles  in  the  soil.  At  the  same  time  the  amount  of  ab- 
sorbed radiation  reaches  its  minimal  values.  As  a result  the  amount  of  the 

radiation  balance  decreases  rapidly,  changes  its  sign  and  reaches  large  negative 

values.  The  sharp  increase  of  the  negative  radiation  balance  is  connected  main- 
ly with  the  release  of  heat  from  the  soil  on  account  of  phase  transitions  of 
water  during  freezing.  Because  of  this  the  negative  radiation  balance  is  sub- 
jected to  latitudinal  zonation. 

Of  great  importance  to  the  freezing  of  soils  is  the  length  of  existence  of  the 
cond it  ions dur  lng  wh ich  the  negative  radiation  balance  is  kept  on  the  radiating 
surface.  It  is  precisely  the  correlation  of  the  length  of  periods  with  positive 
and  with  negative  •"adiation  balance  which  determines  the  sign  of  the  annual 
average  temperature  of  the  surface  of  the  soil,  in  spite  of  the  fact  that  the 
sum  of  the  positive  radiation  balance,  as  a rule,  greatly  exceeds  the  sum  of 
the  negative. 


Geological  and  geographic  factors  are  of  great  importance  in  the  fornution  of 
the  structure  of  the  radiation  heat  balance.  Included  in  such  factors  above 
all  are  various  natural  covers  (snow,  vegetation  and  water),  the  relief  and 
exposure  of  slopes,  the  composition  and  moisture  of  cover  beds  and  the  rocks 
underlying  them,  and  the  hydrological  and  hydrogeological  conditions.  All  these 
factors  also  determine  the  conditions  of  insulation  of  the  surface  and  the  value 
of  the  albedo,  and  all  the  thermal  processes,  as  a result  of  which,  in  the 
latitudinal  zones  in  which  the  arrival  of  radiation  is  great,  frozen  rock  mass- 
es can  form  and  exist  and,  on  the  contrary,  in  zones  with  a small  amount  of 
arriving  radiation,  taliks  are  widely  developed. 


The  connection  of  all  the  enumerated  factors  with  the  radiation  heat  balance 
of  the  surface  and  its  temperature  regime  can  be  represented  in  the  form  of 
the  following  equation: 
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where  Q and  Q , are  the  extreme  values  of  the  10-day  sums  of  absorbed 

p-max  jj-min 

radiation  (kcal/cm“)  in  the  summer  and  winter  half-periods  respectively,  the 
subscripts  "s"  and  "w"  indicate  that  the  10-day  sums  of  the  corresponding  LE 
and  p (kcal/cm2)  are  taken  at  the  moment  of  the  summer  and  winter  extreme 
values  of  Q ; B is  the  10-day  value  of  the  heat  cycle  of  the  soil 

2 P av 

(kcal/cnT),  equal  to  its  half-year  value  divided  by  18  (the  number  of  10-day 
periods  in  a half-year);  e is  the  absolute  atmospheric  humidity,  mb;  n is  the 
coefficient  of  change  of  cloudiness  by  latitude  in  fractions  of  unity;  U is 
the  quantity  of  heat  lost  by  rocks  in  10  days  in  accordance  with  the  gradient 
of  the  average  annual  temperature  in  the  layer  of  seasonal  freezing  (thawing), 
determined  by  the  value  of  the  temperature  shift  (section  2,  Chapter  4),  kcal/ 
/cm2;  V is  the  amount  of  heat  received  by  the  rocks  from  infiltrating  precipi- 
tations in  10  days,  kcal/cm2;  Tau  is  the  average  annual  temperature  of  the 


surface  of  the  soil,  nK;  T ^ ^“and  are  the  average  10-day  temperatures 

of  the  surface  of  the  ground  at  the  time  of  maximal  and  minimal  arrival  of 

solar  radiation  respectively,  °K;  T and  TT  are  the  average  10-day  maximal 

nid  a id  lit 

and  minimal  air  temperatures,  °K;  o * 0,82  x 10"  is  the  Stefan-Boltzmann 
constant. 
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In  each  specific  region,  depending  on  the  specifics  of  the  geological  and  geo- 
graphic conditions,  their  own  distinctive  features  of  formation  of  the  com- 
ponents of  the  radiation  heat  balance  are  observed,  A difference  in  structure 
of  the  balance  within  one  region  can  be  noted  for  different  landscape  com- 
plexes, Those  differences,  the  role  and  importance  of  each  of  the  elements 
of  the  natural  environment  in  the  formation  of  the  radiation  heat  balance  must 
be  studied  during  the  conducting  of  a frost  survey.  Such  a formulation  of  the 
investigations  provides  the  necessary  material  for  the  compilation  of  a sci- 
entific forecast  of  the  change  of  frost  conditions  in  connection  with  construc- 
tion, On  that  basis  it  becomes  possible  to  formulate  the  question  of  the  ad- 
missable  change  of  frost  conditions  in  order  to  create  optimal  conditions  for 
the  work  of  structures. 


Study  of  the  radiation  heat  balance  during  the  conducting  of  frost  investiga- 
tions makes  it  possible  to  include  the  dynamics  of  the  upper  boundary  con- 
ditions for  the  region.  In  particular,  distinctive  features  of  the  distri- 
bution and  the  conditions  of  occurrence  of  permafrozen  rock  masses,  the  con- 
ditions of  formation  of  taliks  and  many  other  features  can  be  evaluated. 

It  also  is  very  Important  that  the  structure  of  the  radiation  heat  balance 
of  the  surface  determines  to  a great  extent  the  character  of  the  freezing  of 
both  seasonally  and  permanently  frozen  rocks,  which  in  accordance  with  the 
geological  structure  and  composition  of  the  rocks  determines  the  character 
of  the  cryogenic  textures.  There  is  a no  less  close  connection  between  the 
distinctive  features  of  the  radiation  heat  balance  and  the  character  of  the 
manifestation  of  cryogenic  processes  and  phenomena.  Thermckarst  in  essence 
is  a clear  expression  of  the  influence  of  change  of  the  structure  of  the 
radiation  heat  balance  on  change  of  the  frost  conditions.  Thus  increase  of 
the  absorbed  radiation  through  destruction  of  the  plant  cover  leads  to  increase 
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of  the  amplitude  of  the  temperatures  on  the  surface  of  the  soil  and  increase 
of  the  depth  of  thawing  and,  consequently,  to  the  formation  of  thermokarst 
(in  the  presence  of  great  iciness  of  the  rocks).  The  same  should  be  said 
in  relation  to  sol  if luct ion,  heaving,  crack  formation  and  other  processes. 

Study  of  the  radiation  heat  balance  and  its  structure  is  of  great  importance 
also  in  the  examination  of  height  banding  and  height  zonation  in  frost  stud- 
ies. It  is  obvious  that  the  amount  of  direct,  scattered  and  absorbed  radia- 
tion, as  well  as  the  effective  rddiation,  evaporation,  turbulent  heat  trans- 
fer and  heat  cycles  in  the  soil  are  subject  to  the  height  banding  and 

height  zonation  and  are  characterized  by  definite  values  for  different  cli- 
matic regions  and  geobotanical  zones.  Because  of  this  the  data  of  the  radi- 
ation heat  balance  and  the  analysis  of  its  components  are,  evidently,  the  only 
possible  scientific  basis  in  the  compilation  of  small-scale  areal  frost  maps. 

As  a result  of  the  production  activity  of  man  the  structure  of  the  radiation 
heat  balance  changes.  For  each  of  the  components  of  the  balance  that  change 
can  be  different  and  be  differently  expressed  in  the  temperature  regime  of 
the  rocks,  on  the  depths  of  the  seasonal  freezing  and  thawing,  and  in  the 
distribution,  conditions  of  occurrenct  and  composition  of  permafrozen  rock 
masses. 


The  amount  of  absorbed  radiation 


Q„  «?'  <?)(!  a) 


(2.1.5) 


is  determined  by  the  amount  of  arriving  direct  solar  radiation  Q’,  which  de- 
pends within  each  region  on  the  steepness  and  exposure  of  the  terrain.  In 
accordance  with  that  the  value  of  Q ’ can  change  substantially  when  the  ter- 
rain is  leveled.  Thus,  for  example,  the  smoothing  out  of  the  natural  slopes 
of  northern  exposure  with  a steepness  of  30°  and  reducing  them  to  a horizon- 
tal surface  within  the  limits  of  60-68°  of  northern  latitude  leads  to  an  in- 
crease of  Q’  by  10-20%.  When  slopes  of  a southern  exposure  are  smoothed  out 
the  reverse  regularity  is  observed,  since  20-30%  less  direct  solar  radiation 
falls  on  a horizontal  surface  than  on  southern  slopes. 

The  relative  amount  of  change  of  Q also  depends  on  the  amount  of  scattered 
radiation  q,  which  remains  constant  for  a given  region  and  does  not  depend 
on  the  change  of  steepness  and  exposure  of  slopes  and  other  characteristics 
of  the  surface  of  the  ground.  The  larger  the  value  of  q the  smaller  the 
degree  to  which  change  of  Q is  reflected  in  change  of  the  radiation-heat 
balance.  ^ 

Change  of  the  albedo  of  the  day  surface  is  of  greater  Importance  in  the  change 
of  the  radiation-heat  balance  in  connection  with  the  productive  activity  of 
man.  The  removal  of  the  plant  cover,  and  also  the  planting  of  fcrees,  the  plow- 
ing of  the  land,  the  sowing  of  grass  and  cereals  and  the  planting  of  shrubs  -- 
all  this  leads  to  a reduction  of  the  albedo  of  the  surface  of  from  7-10  to  25%. 
One  and  the  same  change  in  the  value  of  x.  leads  to  different  changes  of  the 
absorbed  radiation.  Under  conditions  of  a sharply  continental  climate,  where 
()  • + q reaches  large  values,  even  a very  small  change  of  K can  lead  to  sub- 
stantial changes  of  the  temperatures  of  rocks.  Those  changes  will  be  less 
considerable  under  the  conditions  of  a maritime  climate. 


In  regions  of  the  Far  North  the  change  of  the  quantity  of  absorbed  radiation 
often  is  connected  with  change  of  of  the  surface  of  snow  in  the  winter. 
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Thus,  for  example.  In  the  region  of  Vokruta  the  blackening  of  the  surface 
of  the  snow  because  of  the  deposition  of  coal  dust  on  its  surface  leads  to 
an  earlier  disappearance  of  the  snow,  increase  of  the  absorbed  solar  radia- 
tion in  the  annual  cycle  and  elevation  of  the  average  annual  temperatures 
of  the  rocks. 

The  change  of  absorbed  radiation  leads  not  only  to  change  of  the  average 
annual  temperatures  but  also  to  change  of  the  annual  amplitudes  of  tempera- 
tures on  the  surface  of  the  ground.  Thus,  for  example,  increase  of  absorbed 
radiation  in  the  winter  leads  to  increase  of  the  amplitudes  of  temperature 
fluctuations  in  the  annual  cycle.  On  account  of  change  of  the  steepness  and 
exposure  of  slopes,  as  calculations  and  the  data  of  actual  observations  show, 
the  change  of  the  magnitude  of  the  annual  amplitude  does  not  exceed  2-3°C. 
Considerably  greater  amplitudes  should  be  expected  on  account  of  removal  of 
the  plant  cover,  and  also  on  account  of  change  of  the  albedo  of  the  surface. 

In  that  case  the  amplitudes  of  temperatures  can  vary  in  the  range  of  4-5°, 
and  sometimes  even  more. 

Very  large  changes  in  the  temperature  regime  of  the  surface  of  the  ground 
are  noted  in  the  case  of  the  construction  of  artificial  covers,  which  is  con- 
nected with  change  of  the  absorbed  radiation  and,  especially,  with  a sharp 
reduction  of  heat  expenditures  on  evaporation.  Thus,  for  example,  during 
the  creation  of  concrete  and  asphalt  coverings  those  changes  can  lead  to 
elevation  of  the  average  annual  temperature  and  increase  of  the  amplitude  of 
annual  temperature  fluctuations  by  2-3°  on  the  surface  of  a concrete  cover- 
ing and  by  3-4°  on  the  surface  of  asphalt. 

Changes  in  the  temperature  regime  of  the  surface  lead  to  change  of  the  depths 
of  seasonal  freezing  and  thawing  of  the  ground  under  coverings.  Since  the 
elevation  of  the  average  annual  temperature  occurs  simultaneously  with  in- 
crease of  the  annual  amplitude,  the  depth  of  seasonal  freezing  varies  incon- 
siderably and  the  seasonal  thawing  increases  sharply  in  comparison  with  the 
natural  conditions.  The  structure  of  the  radiation  heat  blance  depends  to 
a great  degree  on  evaporation.  For  each  given  region  where  the  atmospheric 
conditions  (the  air  temperature,  atmospheric  humidity  and  the  wind  rose) 
remain  constant  the  amount  of  evaporation  on  separate  sections  depends  on  the 
moisture  of  the  ground  and  the  character  of  the  vegetation.  Such  a measure 
as  the  drainage  of  soils  on  a territory  which  is  being  opened  up  leads  to  a 
shapp  decrease  of  the  amount  of  evaporation  and  in  the  final  account  to  an 
elevation  of  the  average  annual  temperatures  of  the  soil.  The  same  should  be 
said  of  the  removal  of  the  plant  cover,  which  leads  to  drying  of  the  ground 
and  reduction  of  the  amount  of  evaporation. 

It  must  be  noted  that  with  change  of  the  absorbed  radiation  there  is  a sub- 
stantial change  also  in  the  amout  of  evaporation,  since  the  separate  compon- 
ents of  the  radiation  heat  balance  are  closely  interconnected.  Thus,  in  par- 
ticular, increase  of  Q on  account  of  change  of  the  steepness  and  exposure  of 
slopes  or  the  albedo  ^of  the  surface  leads  (all  other  conditions  being  equal) 
to  elevation  of  the  average  annual  temperatures  of  the  ground  and  Increase  of 
evaporation. 
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Change  of  the  amount  of  evaporation  leads  to  change  of  the  temperatures  and 
their  amplitudes  on  the  surface  of  the  ground.  It  is  obvious  that  the  tem- 
perature regime  of  the  grounds  in  the  warm  period  of  the  year  changes  sharply 
primarily  on  account  of  that  factor.  The  increase  of  evaporation  leads  to  a 
reduction  of  the  maximal  temperatures  and,  consequently,  to  a reduction  of 
the  annual  amplitudes,  since  in  the  winter  the  temperature  regime  on  the  sur- 
face of  the  ground  is  practically  independent  of  the  evaporation.  On  dry 
sections  where  there  is  little  evaporation  the  amplitudes  are  larger  than  the 
ordinary.  In  connection  with  that,  on  sections  with  great  evaporation,  other 
conditions  being  equal,  insignificant  changes  of  depth  of  the  seasonal  freez- 
ing will  be  noted  as  compared  with  the  dry  sections.  In  a region  of  perma- 
frozen  rocks,  change  of  the  amount  of  evaporation  leads  to  a sharp  change  of 
the  depth  of  seasonal  thawing. 

Such  regularities  will  occur  during  the  economic  opening  up  of  territory  in 
the  case  of  drainage  of  ground  and  regulation  of  the  surface  runoff,  and  also 
for  the  case  of  change  of  the  moisture  regime  of  the  soils  on  account  of  the 
head  of  the  subsurface  waters  or  unregulated  runoff  of  technical  waters. 

Similar  results  can  be  noted  on  account  of  annihilation  of  the  plant  cover 
or  different  planting  of  trees,  which  leads  to  a sharp  change  of  the  amount 
of  evaporation.  The  construction  of  coverings  of  various  kinds  (asphaLt  or 
concrete)  sharply  reduces  the  amount  of  evaporation,  because  those  coverings 
prevent  the  access  of  subsurface  waters  to  the  day  surface. 

The  structure  of  the  radiation  heat  balance  also  depends  on  the  turbulent 
heat  transfer  (P).  It  is  obvious  that  its  amount  is  determined  by  the  ground 
surface  temperature  (tg)  and  the  value  of  the  heat-transfer  coefficient  on 
the  soil-atmosphere  boundary  (K)*.  At  higher  soil  temperatures  (all  other 
conditions  being  equal)  the  amount  of  turbulent  heat  transfer  will  be  greater 
than  at  lower  temperatures.  There  also  is  a direct  dependence  of  turbulent 
heat  transfer  on  the  coefficient  K. 

The  connection  of  change  of  the  temperature  regime  of  rocks  as  a function  of 
turbulent  transfer  is  complex  and  can  be  examined  only  as  a whole,  with  con- 
sideration of  the  interaction  of  all  components  of  the  radiation  heat  balance 
We  will  point  out  here  that  elevation  of  the  average  annual  temperature  of 
rocks  while  the  average  annual  air  temperature  remains  unchanged  always  leads 
to  increase  of  turbulent  exchange.  Because  of  that,  increase  of  turbulent 
exchange  involves  a decrease  of  the  depth  of  seasonal  freezing  and  increase 
of  the  depths  of  seasonal  thawing  of  the  ground.  That  dependence  can  vary 
in  a more  detailed  examination  with  consideration  of  the  influence  of  all  com 
ponents  of  the  radiation  heat  balance.  It  is  obvious  that  turbulent  heat 
transfer  can  vary  substantially  during  change  of  the  various  covers,  such  as, 
for  example,  removal  of  the  plant  cover  or  of  sowings  of  various  types,  cover 
ing  with  concrete  or  asphalt,  etc. 


*The  heat-transfer  coefficient  (K)  is  included  in  formula  (2.1.6)  and  corre- 
sponds to  the  coefficient  *<  according  to  V.  S.  Luk'yanov  and  M.  D.  Golovko, 
1957. 
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Change  of  the  amount  of  the  heat  cycles  in  the  ground  leads  to  change  of 
the  ground  temperature  by  a different  amount,  depending  on  a number  of  con- 
ditions and  on  the  structure  of  the  radiation  heat  balance.  Calculations 
have  shown  that  such  a measure  as  the  draining  of  ground  leads  to  a decrease 
of  the  heat  cycles  in  the  ground  and  reorganization  in  the  structure  of 
the  radiation  heat  balance  of  the  surface  in  such  a way  that  the  average 
annual  temperature  of  the  ground  rises.  Change  of  the  structure  of  the  radi- 
ation heat  balance  and  ground  temperature  will  also  be  noted  in  the  case  of 
leveling,  shearing  and  filling  of  ground,  as  the  composition  of  the  ground, 
its  density,  conditions  of  its  occurrence  and  moisture  regime  can  change,  and 
this  is  reflected  in  the  heat  cycles. 

In  studying  the  influence  of  the  change  of  ground  conditions  on  the  tempera- 
ture regime  of  the  surface  and  the  structure  of  the  heat  balance  it  is  ne- 
cessary to  bear  in  mind  the  character  and  depth  of  seasonal  freezing  and 
thawing  of  rocks  and  their  change  during  the  opening  up  of  territory,  espe- 
cially in  connection  with  the  fact  that  the  main  share  of  the  heat 
cycles  in  the  ground  is  determined  by  phase  transitions  of  water  during  their 
freezing  and  thawing.  Of  no  little  importance  in  that  question  is  the  for- 
mation of  a temperature  shift  (see  4.1.19  in  Chapter  4),  the  change  of  which 
during  the  economic  activity  of  man  can  reach  1 or  2 . The  change  of  the 
annual  average  rock  temperature  by  such  an  amount  near  the  southern  boundary 
of  the  spread  of  frozen  rocks  can  lead  to  a sharp  change  of  the  depths  of  the 
seasonal  freezing  and  thawing  and  change  of  the  annual  heat  cycles. 

The  latter  leads  to  change  of  the  structure  of  the  radiation  heat  balance. 

As  a result  of  all  the  examined  complex  processes  occurring  on  the  earth's 
surface  the  temperature  regime  of  soils  and  grounds  forms.  The  interconnec- 
tion of  those  processes  and  the  temperature  regime  is  expressed  most  completely 
by  the  equation  of  the  radiation  heat  balances,  the  expenditure  components  of 
which  depend  functionally  on  the  surface  temperature.  Therefore  it  would 
have  been  natural  to  determine  the  surface  temperature  by  solving  the  equa- 
tion of  the  balance  in  relation  to  it.  However,  it  is  practically  impossible 
to  obtain  such  a solution  due  to  the  complex  interconnection  of  all  the  pro- 
cesses resulting  from  the  large  number  of  factors.  At  the  present  time,  on 
the  basis  of  study  of  the  radiation  heat  balance  of  the  surface  only  some 
particular  problems  are  solved,  for  example,  the  difference  between  the  air 
temperature  and  the  temperature  of  the  surface  of  soil  deprived  of  plant  cov- 
er (the  so-called  radiation  correction  At  ) is  determined,  the  influence  of 
the  exposure  and  steepness  of  slopes  on  the  formation  of  the  surface  tempera- 
ture is  determined,  the  thermal  Influence  of  vegetation  is  determined,  etc. 

The  radiation  correction  can  be  calculated  for  the  average  annual  ten^erature 
and  the  annual  amplitude  of  temperature  fluctuation  on  the  surface  of  the 
soil  by  determining  the  convective  component  from  the  equat ion  for  the  radi- 
ation heat  balance  of  the  garth's  surface.  If  the  Coefficient  of  turbulent 
heat  transfer  K,  in  kcal/m  x degree  x hour,  is  known,  the  difference  between 
the  air  temperature  t^  and  that  of  the  earth's  surface  t,  in  °C,  Is  found 
from  the  formula 

« rn  n 
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where  R,  LE  and  B are  the  radiation  balance,  heat  expenditures  on  evaporation 
and  heat  circulations  through  the  soil  surface,  kcal/m^  x hr. 

Calculation  of  the  radiation  correction  can  be  greatly  simplified  if  on  the 
investigated  areas  the  evaporation  and  heat  circulations  through  the  surface 
are  relatively  small  (for  example,  on  sections  composed  of  fragmental  material 
of  various  sizes  with  a deep  level  of  the  subsurface  waters,  with  artificial 
coverings,  etc).  In  that  case  6t^  = R/<*  (2.1.7),  where  X*  is  the  heat- 

transfer  coefficient,  considered  to  be  constant  and  equal  to  20  kcai/m^  x 

x degree  x hr  (according  to  V.  S.  Luk’yanov  and  M.  D.  Golovko,  1957).  An 
application  of  that  formula  can  be  shown  in  the  calculation  of  the  average 
annual  temperature  on  the  ground  surface.  For  example,  it  is  required  to 
determine  t on  a surface  which  In  summer  is  without  plant  cover  and  in  win- 
ter is  covered  with  snow  if  the  annual  course  of  the  air  temperature  and  the 
radiation  balance  are  known.  The  section  is  composed  of  sand  and  gravel  de- 
posits in  which  the  ground-water  level  is  below  1 meter.  The  starting  data 
and  solution  are  presented  in  Table  1,  from  which  it  is  evident  that  on  the 

surface  of  the  soil  (in  winter,  on  the  surface  of  the  snow)  the  average  annual 

temperature  is  2.16°  higher  than  the  average  annual  air  temperature , and  the 
annual  amplitude  of  temperatures  is  6.2  greater  than  the  amplitude  of  the 
air  temperatures. 


Figure  1.  Graph  of  the  intercon- 
nection of  the  average  monthly  air 
temperatures  (t  ) and  ground  sur- 
face tenjieratures  ^tg)  for  lati- 
tudes of  60'  to  80  and  longitudes 
of  78°  to  114  . 


In  the  absence  of  reliable  data  on  the  radiation  heat  balance  of  the  surface 
it  is  recommended  in  some  cases  that  regional  correlation  graphs  of  the  inter- 
connection of  those  temperatures , constructed  by  the  statistical  processing 


*In  the  given  case  the  coefficient  corresponds  to  the  coefficient  K in  for- 
mula (2.1.6). 
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Table  L.  Calculation  of  the  average  annual  temperature  of  the  surface  of 
snow  (in  winter)  and  the  soil  (in  summer)  with  consideration  of 
the  radiation  correction  determined  by  the  method  of  V.  s. 

Luk  'yanov 


1 

2 

3 


4 

5 


A 

llCXOAHbie  H 
pacseTMs  <• 

H if  I4C 

l 

11 

in 

IV 

V 

VI 

VII 

1 

°c 

16.8 

15.0 

— 8,2 

1 

0.7  ] 

,v  • 4 1 

15.5 

18,2 

/\.  KKa.ljCM'-M*  C 

0,6 

1 .0 

1.1 

1,3 

7.3 

9,5 

8,1 

R.  KKa.)l*C-Hac 

— 8,2 

13,7 

15.1 

58,9 

100,8 

130  1 

115,1 

R 

a : ° 

1 

-2QKK0.1  i J/:ar)'1UC 

0.1 

0.7 

0,8 

2,9 

5.3 

6,5 

5,3 

t t,  { \tR 

17.2 

15,7 

7.4 

3 .6 

13,7 

22 .0 

24,0 

1 

2 

3 


4 

5 


A 

Mcxo  »4 .*  m 

X 

paCMC  1 llblC 

VIII 

IX 

ta,  °c 

1 

15,2 

9,0 

0,9 



15  6 

U,  KKU  ! H:>t  C 

6,0 

3,6 

0,7 

0>  : 

0.8 

R,  KKn.i/M^ac 

82,2 

•19,3 

9,6 

1 1 ,0 

1 1 .0 

; u — 
,l  « 

- 20kkc  :! M'e pad 

4.1 

2,5 

0,5 

— 0.6 

- 0,5 

i 1,  i- 

19,3 

11,5 

1 ,4 

9 i 

16,2 

B ro. 

t. 

3. 

0,3 

35,0 

2.40 

41,2 

Key:  A 

1 

• 4 


Starting  and  calculated  data  B - Year 

O 9 2 

t , C 2 - R,  kcal/  cmz  x month  3 - R,  kcal/m"  x hr 

= 20  kcal/m  x degree  xhr  5 - t * t + At 

3 R 


of  the  observations  of  weather  stations  situated  within  the  given  region  and 
representative  of  the  conditions  of  the  investigated  section,  be  used  to  deter- 
mine the  temperature  difference  of  the  air  and  soil.  Presented  on  Figure  1 
is  a graph  of  the  interconnection  of  the  average  monthly  temperatures  of  the 
air  and  soil  surface,  constructed  for  the  northeastern  part  of  Western  Siberia. 
With  that  graph,  if  one  knows  the  air  temperature,  one  can  readily  determine 
the  temperature  of  the  surface  of  the  snow  in  winter  and  the  temperature  of 
the  surface  of  soil  without  plant  cover  in  suraner. 
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2.  Climatological  Calculation  of  Radiation  Balance  Components 

The  network  of  special  stations  conducting  actinometr ic  observations  (of  the 
regime  of  solar,  terrestrial  and  atmospheric  radiation)  and  heat  balance  ob- 
servations (of  the  heat  and  moisture  regime  near  the  earth's  surface  and  heat 
transfer  in  the  soil)  is  rather  sparse  at  the  present  time.  Therefore  in 
investigating  the  conditions  of  the  thermal  regime  of  the  earth's  surface 
a need  arises  to  calculate  the  radiation  heat  balance  components.  Such  a 
climatological  calculation  can  be  made  on  the  basis  of  data  of  the  network 
of  weather  stations  with  use  mainly  of  the  mean  values  of  the  meteorological 
elements  for  many  years,  obtained  from  a long  series  of  observations.  How- 
ever, the  use  of  c 1 imatologica 1 methods  of  calculation  to  obtain  the  sums  of 
heat  for  a small  number  of  years  or  for  separate  years  often  leads  to  large 
errors. 

There  are  many  methods  of  calculating  the  actual  influx  of  sumnary  radiation. 
An  overwhelming  majority  of  them  is  based  on  the  use  of  the  physical  connec- 
tions which  exist  between  the  sums  of  the  solar  radiation  and  cloudiness. 
Such  a dependence  is  expressed  in  general  form  as  follows 

<?0  (1  — an  — bn2),  (2.2.1) 

where  Q ^ is  the  summary  radiation  per  month  under  the  actual  conditions  of 
cloudinlss,  kcai/cm";  Q is  the  sumnary  radiation  per  month  under  a cloudless 
sky,  determined  by  the  latitude  of  the  place,  the  time  of  year  and  the  con- 
ditions of  atmospheric  transmittance  (Table  2),  kcal/cm  ; n is  the  monthly 
average  cloudiness  in  fractions  of  unity,  published  in  "Spravochnik  po  kli- 
matu  SSSR"  [USSR  Climate  Manual],  Part  5;  a and  b are  numerical  coefficients, 
of  which  "a"  is  determined  from  observations  of  actinometric  stations  (Table 
3)  and  "b"  is  constant  and  equal  to  0.38. 

2 

Table  2.  Summary  radiation  under  a cloudless  sky,  kcal/cm"  x month  (calcu- 
lated for  the  average  length  of  a month  of  30.4  days,  according 
to  Budyko  et  al,  1961) 
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Table  3 


Coefficients  a and  c for  various  latitudes 
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Those  coefficients  show  which  share  of  the  total  flux  of  sunmary  radiation 
is  retained  as  a result  of  its  absorption  by  the  cloud  cover. 

On  the  basis  of  climatological  calculations  and  observations  of  the  network 
of  act inometr ic  stations,  maps  of  the  radiation  balance  components  have  been 
compiled  both  for  the  USSR  d for  the  entire  globe  ("Atlas  teplovogo  balan- 
sa"  [Heat  Balance  Atlas],  1 V63 ; Barashkova  et  al,  1962).  The  annual  course 
of  sunriary  radiation  for  the  European  territory.  Western  Siberia,  Eastern 
Siberia  and  the  Far  East  as  a function  of  latitude  and  time  of  year  is  pre- 
sented in  Table  4. 

On  sections  with  a mountainous  character  of  the  relief  a need  often  arises 
to  estimate  the  total  arrival  of  solar  heat  on  differently  oriented  slopes. 
Such  characteristics  are  usually  obtained  by  calculation. 

The  flux  of  direct  solar  radiation  impinging  on  a sloped  surface,  , can 
be  expressed  by  the  dependence: 

Qc«..  Q'  cos  i,  (2.2.2) 

where  Q'  is  the  intensity  of  direct  solar  radiation  on  a surface  perpendicular 
to  the  rays*,  kcal/cm*-;  i is  the  angle  of  incidence  of  solar  rays  on  the  sur- 
face of  a slope,  obtained  with  the  formula 

cos  i cos  a sin  ft-.  sinacosft.  cus(/l. 

where  tk  is  the  steepness  of  the  slope;  hQ  is  the  height  of  the  Sun  above  the 
horizon;  Aq  is  the  solar  azimuth,  and  a^  is  the  azinuth  of  the  slope. 

All  the  enumerated  parameters  are  determined  by  the  laws  of  spherical  trigo- 
nometry and  expressed  in  degrees. 

The  summary  solar  radiation  impinging  on  slopes  is  expressed  by  the  sum: 


Q. 


y.'ico 


Q s i . Qca.I 


r 


c .<.1  • 


(2.2.4) 


*Data  published  in  MSpravochnik  po  klimatu  SSSR,"  Part  1. 
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2 

Table  U Mean  latitudinal  values  of  the  summary  radiation  (kcal/cm  x month) 
(compiled  by  Ye.  I.  Nesmelova  from  observations  of  the  actinometric 
network) 
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(2.2.6) 


Table  5.  Dally  sums  of  direct  radiation  on  slopes  with  different  exposure 
Q'  as  % of  Q*  (according  to  A.  F.  Zakharova,  1958) 
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Table  6 


Daily  sums 
meridiona 1 
closure  of 
cording  to 
1964) 


of  direct  radiation  (approximate)  Q'  in  valleys  with 
and  latitudinal  orientation  with  different  degrees  of 
the  horizon  (at  % of  the  sums  for  open  terrain)  (ac- 
Ye.  I.  Nesmelova  with  consideration  of  C.  S.  Nikolenko, 
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Here  q kcal/cm*-  is  the  flux  of  scattered  radiation  in^inging  on  the  slope; 
r isS  the  flux  of  short-wave  radiation  reflected  on  the  slope  from  the 
horizontal  surface  in  front  of  the  slope,  kcal/cm^;  qv  _ and  r.  are  the 


hor 


hor 


fluxes  of  scattered  and  reflected  radiation  on  the  horizontal  surface*,  kcal/cm 


*The  values  of 
Part  1. 


qhor 


and  r 


hor 


were  published  in  "Spravochnlk  po  kllmatu  SSSR," 
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The  values  of  q , and  r , obtained  with  approximate  formulas  (2.2.5)  and 
si  si 

(2.2.6)  are  characterized  by  an  error  of  10-20%  for  slopes  with  a steepness 
of  not  more  than  30-40  . The  daily  values  of  the  suimary  radiation  are  ob- 
tained with  the  formula: 


— C*c  * M CK/T  — Qck 


. cos* 


’ Vrop 


• sin* 


■ — r. 


(2.2.7) 


It  is  more  convenient  to  calculate  the  influx  of  summary  radiation  on  slopes, 
if  we  have  available  the  values  of  the  relative  daily  sums  (Table  5)LQ'  / 
/E?hor*  ",  we  know  the  actual  arrival  of  heat  of  solar  radiation  in  some 
region  according  to  the  "Spravochnik"  and  use  the  indicated  ratios,  we  can 
always  calculate  its  arrival  on  the  slopes.  In  the  conditions  of  very  rugged 
ground  a need  also  arises  to  estimate  the  reduction  of  the  influx  of  solar 
radiation  due  to  the  different  degree  of  closure  of  the  horizon  in  valleys 
and  other  negative  forms  of  the  relief.  In  that  case  one  should  take  into 
consideration,  besides  the  sumnary  closure  of  the  horizon,  expressed  in  de- 
grees, the  orientation  of  the  valleys  --  latitudinal  or  meridional  (Table  6). 


Of  great  scientific  and  practical  interest  is  consideration  of  the  change  of 
the  radiation  balance  components,  and  above  all  the  summary  radiation,  with 
height.  Thanks  to  the  increase  of  atmospheric  transmission  the  influx  of 
direct  solar  radiation  increases  with  increase  of  the  absolute  height  of  the 
locality.  The  intensity  of  scattered  radiation  of  the  sky,  on  the  contrary, 
decreases  with  height  due  to  decrease  of  the  moisture  content  and  dustiness 
of  the  atmosphere,  but  to  a far  lesser  degree  than  that  of  the  direct.  There- 
£ore  in  the  mountains,  at  a considerable  height  above  sea  level,  the  sumnary 
radiation  under  a cloudless  sky  proves  usually  to  be  higher.  As  observations 
of  actinometric  stations  in  the  Asiatic  part  of  the  USSR  show,  a very  large 
gradient  of  summary  radiation  is  characteristic  of  the  lower  600-800  meters, 
par** icuiar ly  for  the  spring  and  sunmer  months  (Table  7). 

For  calculation  of  the  amount  of  absorbed  radiation  one  should  have  available 
the  characteristic  reflecting  capacity  of  the  earth's  surface,  that  is,  the 
albedo.  The  spatial  variability  of  the  albedo  can  be  very  considerable  be- 
cause of  the  variety  of  the  underlying  surface  (Table  8).  Therefore  the  amount 
of  absorbed  radiation,  equal  to  Q (1  - fc) , will  be  greatly  different  for 
open  terrain  and  that  covered  by  sumforest.  The  annual  course  of  the  albedo 
for  all  regions  having  a steady  snow  cover  is  sharply  expressed.  Therefore 
in  calculating  the  monthly  sums  of  absorbed  radiation  it  is  necessaty  to  draw 
in  the  data  on  the  average  datas  of  the  establishment  and  disappearance  of 
the  snow  cover ^ and  also  the  dates  of  transition  of  the  average  daily  tempera- 
ture through  5°,  which  is  assumed  to  be  the  start  of  vegetation  of  plants*. 

In  calculating  the  radiation  balance  for  sections  on  which  given  structures 
are  being  constructed  one  should  use  the  data  on  the  albedo  of  unoovered  sur- 
faces or  artificial  coverings  (Tables  9 and  10). 


*Data  of  "Spravochnik  po  klimatu  SSSR,"  Parts  2 and  4. 
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Table 


1 

3 

4 

I 

7 

8 

9 

10 

II 
12 


31 


8. 


The  albedo  of  natural  surfaces  of 
scape  zones  (data  of  "Spravochnik 


dry  land  of  different 
po  klimatu  SSSR") 
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Key:  A - Type  of  surface  B - Albedo,  7. 

1 - Steady  snow  cover  In  high  latitudes  (north  of  60°) 

2 - Steady  snow  cover  in  middle  latitudes  (south  of  60°) 

3 - Forest  under  a steady  snow  cover 

4 - Unsteady  snow  cover  in  the  spring 

5 - Forest  vibh unsteady  snow  cover  in  the  spring 

6 - Unsteady  snow  cover  in  the  autumn 

7 - Forest  with  unsteady  snow  cover  in  the  autumn 

8 - Steppe  and  forest  in  the  period  between  disappearance  of  the  snow 

cover  and  transition  of  the  average  daily  air  temperature  through  10° 
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Table  8 Continued  (Key) 

9  - Tundra  In  the  same  period 

10  - Tundra,  steppe  and  deciduous  forest  in  the  period  from  the  spring  transition 

through  10°  to  the  appearance  of  the  snow  cover 

11  - Coniferous  forest  in  the  same  period 

12  - Forest  shedding  leaves  in  the  dry  period  of  the  year  and  semiarid  land 

in  the  dry  period  of  the  year 

13  - The  same  in  the  moist  period  of  the  year 
16  - Agricultural  land 

a - Bottom-land  forest.  Succulent  dense  grass 

b - Dark-green  grass.  Mixed  herbs  in  the  first  phase  of  development. 

Ground  dry,  dark-gray  in  color. 

15  _ Freshly  fallen  snow 

16  - Contaminated  snow 

17  - Moist  snow 

18  - Green  grass 

19  - Dry  grass 

20  - Swamp  with  undergrowth  (goosefoot) 

21  - Mature  undergrowth 

22  - Deciduous  forest 

23  - Spruce  forest 

24  - Dark  coniferous  forest 

25  - Light  coniferous  forest 

26  - Blueberry  and  ledum 

27  - Moist  green  mosses 

28  - Sedges  (moist  meadow) 

29  - Blackened  surface 

30  - Deciduous  forest  (birch,  aspen)  with  admixture  of  pine.  Closure  of 

crowns  0.3  - 0;7 

31  - Pine  medium-taiga  forests,  closure  of  crowns  0.5  - 0.8  with  admixture 

of  birch,  with  undergrowth.  Surface  of  the  ground  covered  with  green 
and  brown  mosses 

Table  9.  Albedo  (as  %)  of  moist  and  dry  surface  of  the  ground  (according  to 
data  from  "Mlkroklimat  USSR"  [Microclimate  of  the  USSR],  Moscow, 
Gidrometeoizdat,  1968) 
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Key:  A - Surface  B - Compacted  C - Freshly  plowed  1 - dry  2 - moist 

a - Chernozem  b - Chestnut  soil  c - Light  serozem  d - White  sand 
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Table  10  Albedo  of  artificial  coverings 


A 


Bh,1  nOB<*px  hoc  t m 


A/ik6ca°. 


4 

5 

6 


.3 


riecMaHHK 

HeveHT 

M3BCCTI1HK 
BcTOH  (CBCT.H4H) 

J'naHin  (cieT.tocepuH) 

Mpawop  (O.thifl) 

KHpnilM  KpaCHblH  oOUKHOBeHHuil 
KHpIlllM  CH.1Hk3HlblH 
Ciam-n  (Tevnian  r.imia) 


11 

Ty«j>  » 

pOaOBO-.llIJIOBblil 

12 

Ty(J>  » 

Tt»MH0*p030BblM 

1 3 

Tyip  » 

KpaCHblH 

14 

Tyd>  * 

MepHUti 

15 

Meperoma  Hpxo-xpacHaH 

18 

)Ki>.ne3o  (p/KJB'ie) 
PyOppoiu  eni-T.mil 
Pyfiepoiu  sepHuii 

To. it,  fviecTHinini 

Ciena  oiunyKarypeHiiaa  roayOaa 
Creita  OTUiryKaTypeHiian  p03oBaa 
Ciena  oTuiTyaaTy  pen  Han  iKe.ntaH 
Ciena  jepeBHH nan  HeKpauJeiiaH 
UliyKaiypna  napyiKiian  (cBeT.iaH) 
Kpacxa  U'Jia » iitwas 
Kpacaa  6e.iaa  ciapau 
UiefieHO'iHoe  noKpMTii c 
TpaHHiiHoe  noKphime 
AC<{ld,lhT 

■Mnnopaa.  nane-ib  (nJiHiKaviii) 


18 

27 

SO  - 65 
30-35 
35-40 
45 
30 

48-50 

8 

50 

40 

30 

25 

7 

42-44 

25 

28 
14 
20 
73 
02 
57 
40 
GO 
75 
55 
18 
13 

10-30 

17 


Key:  A - Kind  of  surface  B - Albedo,  % 

1 - Sandstone  2 - Cement  3 - Limestone  4 - C6ncrete  (light) 

5 - Granite  (light-gray)  6 - Marble  (white)  7 - Ordinary  red  brick 

8 - Silicate  brick  9 - Slate  (dark  clay)  10  - Tuff  (smmoth-dressed 
surface)  --  bluish  11  - Ditto  --  rose-lilac  12  - Ditto  --  dark-rose 
13  - Ditto  — red  14  - Ditto  --  black  15  - Bright  red  tile  16  - 
Iron  (rusty)  17  - Light  roofing  felt  18  - Dark  roofing  felt  19  - 
Shining  tar  paper  20  - Plastered  blue  wall  21  - Plastered  rose 
wall  22  - Plastered  yellow  wall  23  - Unpainted  wooden  wall  24  - 
Light  outside  plaster  25  - New  white  paint  26  - Old  white  paint 
27  - Crushed-stone  covering  28  - Gravel  covering  29  - Asphalt 
30  - Pavement,  ilab  in  blodfcs 


The  value  of  the  effective  radiation,  which  Is  the  discharge  component  of  the 
radiation  balance.  Is  usually  calculated  with  the  formula 

/ /#(1  — cnm)  AboT3(T„  — T).  (2.2.8) 

Here  I Is  the  effective  radiation  under  the  actual  conditions  of  cloudiness, 
kcal/cnr;  IQ  Is  the  effective  radiation  under  a cloudless  sky,  kcal/cm^;  T Is 
the  air  temperature,  °K;  Is  the  temperature  of  the  earth's  surface,  °K; 
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in  Is  an  empirical  coefficient  which  assumes  values  of  1 to  3;  c is  the  coef- 
ficient of  cloudiness,  which  shows  what  percentage  of  the  long-wave  rddiation 
is  absorbed  by  the  cloud  cover  (see  Table  3);  S - 0,85-0.90  is  the  radiative 
capacity  of  the  earth's  surface;  <T=  0.82  x 10"*-®  is  the  Stefan-Boltsmann  con- 
stant. 

The  second  term  in  formula  (2.28)  represents  a correction  of  the  amount  of 
effective  radiation  caused  by  inequality  of  the  surface  and  air  temperatures. 
For  monthly  sums  that  correction  fluctuates  in  the  range  of  0.1-0. 5 kcal/cm^ 
and  is  most  substantial  in  the  sumner. 

The  effective  rddlatlon  under  a cloudless  sky  I is  calculated  with  the  for- 
mula ° 

/„  . (0,254  -0.0066a) boT'  (2.2.9) 

Here  e is  the  water  vapor  tension  in  mb.  The  sums  1 presented  in  Table  11 
were  calculated  with  that  formula.  It  should  be  takin  into  consideration 
in  that  case  that  for  regions  with  deep  ground  temperature  inversion  (Eastern 
Siberia)  the  sums  1^  prove  to  be  overstated  by  30-50%. 

2 

Table  11  The  effective  radiation  under  a cloudless  sky  I (kcal/cm  x months) 
(according  to  N.  A.  Yefimova,  1961) 
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Key: 


A - Air  temperature. 


B - Atmospheric  humidity,  mb 


The  mean  latitudinal  values  of  the  radiation  balance  of  the  earth's  surface, 
equal  to  the  difference  between  the  absorbed  and  effective  radiation,  for 
various  latitudes  within  our  country  are  given  in  Tables  11  and  12.  The  data 
of  those  tables  should  be  used  with  care  for  any  specific  region,  monitoring 
the  presented  values  by  means  of  the  data  of  observations  of  the  actlnometric 
network. 
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Table  12  Mean  latitudinal  sums  of  the  radiation  balance  R (kcal/cm2)  (com- 
piled by  Ye.  I.  Nesmelova  according  to  data  of  the  actinometric 
network) 
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Key:  A - Latitude,  degrees  B - Months  C - Year 

Table  13  The  ratio  of  the  daily  sums  of  the  radiation  balance  on  fiopes 

with  northern  and  southern  exposures  and  steepness  of  10  and  20° 
to  the  sums  on  a horizontal  surface  on  the  15th  of  the  month  (acc 
to  "Mikrokl imat  SSSR,"  1969) 
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Kay:  A - Latitude,  degree  I 


Northern  exposure 


II  - Southern  exposure 


Attention  is  attracted  by  the  sharp  decrease  of  the  radiation  balance  with 
height,  connected  mainly  with  increase  of  the  reflected  and  decrease  of  the 
absorbed  radiation  due  to  increase  of  the  length  of  occurrence  of  the  snow 
cover,  characterized  by  very  high  albedo  values  (Table  8). 

3,  Procedure  for  Calculation  of  Heat  Balance  Components 

/Calculation  of  the  amount  of  evaporation,/  All  the  presently  used  methods 
of  determining  the  summary  evaporation  (from  the  surface  and  transpiration 
by  the  plant  cover)  can  be  divided  into  three  groups:  1)  based  on  use  of  the 

water  balance  equation;  2)  based  on  use  of  the  equation  of  turbulent  diffusion 
of  water  vapor;  3)  based  on  the  heat  balance  equation.  Of  great  importance 
is  direct  measurement  of  evaporation  by  means  of  contemporary  evaporators  but, 
unfortunately,  the  equipping  of  stations  with  such  instruments  is  not  great, 
especially  on  the  Asiatic  territory  of  our  country.  Therefore  there  is  spe- 
cial growth  of  the  sole  methods  of  calculating  summary  evaporation  which  make 
it  possible  to  obtain  its  value  on  the  basis  of  observations  of  weather  sta- 
t ions . 


One  of  the  most  accessible  approximate  methods  permitting  determination  of  the 
amount  of  evaporation  over  many  years  from  limited  sections  of  surface  is  the 
Tyurk  method  (1958).  For  natural  surfaces,  provided  that  r^/E*-  > 0.1,  the 
calculating  formula  has  the  form: 


£ = — 


1 ,0r>ir 


(2.3.1) 


where  E is  the  amount  of  evaporation  (annual  sum),  mm;  r is  the  sum  of  the 
annual  precipitation,  mn;  E is  the  maximal  evaporation,  which  limits  the 
atmospheric  humidity,  mm;  E°  - 300  + 25t  + 0.05t3,  where  t is  the  mean  annual 
air  temperature. 


The  evaporation  from  the  base  surface  of  the  soil  can  be  determined  with  ade- 
quate precision  with  Tyurk's  formula  if  one  introduces  the  additional  coef- 
ficient K which  takes  into  account  the  moisture  of  the  ground,  that  is. 


£ = 


Kr 


V'HirY 


^ Wt 

U’n  - wr 


(2  3.2) 


where 


Eo  = — (t  + 2)  V Qcyu  npH  /> 2,  £#  0 npw  2°, 


r is  the  sum  of  the  precipitations  in  10  days,  nm;  E is  the  maximal  evapora- 
tion; Q is  the  summary  radiation  arriving  on  the  surface  in  10  days,  kcal/ 

cm^;  SUm  w Is  the  natural  moisture  content  of  the  ground,  in  fractions  of 
a unit  of  volume;  w is  the  total  moisture  content,  in  fractions  of  a udlt 'of 
volume;  w^  is  the  hygroscopic  moisture,  in  fractions  of  a unit  of  volume. 
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For  regions  of  excessive  and  sufficient  moistening  of  the  territoxy  of  the 
USSR  a method  has  been  worked  out  for  cauculatlng  : e evaporation  rate  on  the 
basis  of  the  air  temperature  and  humidity  by  A.  R.  .onstantinov  (1963).  The 
method  makes  it  possible  on  the  basis  of  the  mean  values  of  the  air  tempera- 
ture and  humidity  to  calculate  the  perennial  monthly  and  annual  values  of 
evaporation  from  an  area  of  several  square  kilometers  surrounding  the  weather 
station  (Figure  2).  Weather  station  data  typical  for  the  surrounding  terri- 
tory must  be  taken  in  the  calculations. 


Figure  2.  Nomogram  for  calculating  the  mean  annual  perennial 
evaporation  on  the  basis  of  the  mean  annual  air  temperature 
(t  ) and  humidity  (e).  a - e,  mb 

CJ  v 


To  determine  the  mean  perennial  annual  amounts  of  evaporation  for  sections 
of  dry  land  limited  in  size  one  can  also  use  the  equation  of  M.  I.  Budyxo 
(1971):  __ • 

F.  \/  ■ (2  3.3) 

where  r is  the  annual  rate  of  precipitations  on  the  basis  of  materials  ob- 
tained in  observations  at  the  given  point,  R is  the  mean  perennial  annual 
amount  of  the  radiation  balance  for  a moistened  surface.*  The  ratio  R / L 
(L£*  600  kcal/g  is  the  latent  heat  of  evaporation)  expresses  the  evapora- 
bility,  that  is,  the  maximally  possible  evaporation  from  the  surface  which 
under  the  given  meteorological  conditions  occurs  from  the  territory  only  when 
it  is  quite  adequately  moistened. 

The  method  is  applicable  for  conditions  6f  naturally  moistened  surfaces  of 
the  plains  territory  of  the  USSR  without  limitation.  Here  the  conditions  of 


*Taken  from  a map  compiled  by  N.  A.  Yefimova  (1962). 


46 


natural  moistening  of  the  surface  are  taken  Into  consideration  in  formula 
(2.3.3)  by  the  amount  of  precipitations  r,  and  the  differences  in  the  proper- 
ties of  the  basement  rocks,  including  in  the  plant  cover,  by  the  amount  of 
the  radiation  balance  R . In  calculating  the  evaporation  one  can  use  a r >mo- 
gram  (Figure  3),  the  mean  error  in  the  calculation  of  which  is  about  1 7%. 

b 
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JO 
60 
to 

w 

JO 
70 

JO 

0 250  500  750  WOO  ’750  ’500 

c x,MM/zod 


Figure  3.  Nomogram  for  calculation  of  the  mean  annual  peren- 
nial evaporation  (E)  on  the  basis  of  corrected  precipitations 
(x)  and  the  radiation  balance  of  the  moistened  surface  (R  ). 
a - E,  mm/yr  b - R^,  kcal/cm^  x yr  c - x,  mm/yr 


Table  14  shows  the  variation  of  the  amount  of  evaporation  as  a function  of 
latitude  of  the  place  and  the  type  of  plant  cover  on  the  territory  of  the  USSR. 


/Calculation  of  the  amount  of  turbulent  heat  transfer  of  the  surface  of  the 
ground  with  the  atmosphere/.  Calculation  of  the  turbulent  heat  flow  P 
(cal/cnr  x days)  based  on  the  theory  of  turbulence  was  proposed  by  A.  R. 
Konstantinov  (1956).  The  initial  calculating  formula  has  the  form 


au , 


$21 


T„ 


(T„~TJ. 


(2.3  .4) 


Here  u is  the  mean  wind  velocity  for  the  month  at  the  height  of  the  wind 
vane,  m/sec;  T is  the  mean  monthly  air  temperature  (in  a psychrometr ic 
booth),  °C;  Ts  16  the  mean  monthly  temperature  of  the  soil  surface,  °C,  mea- 
sured at  weather  stations.  The  coefficients  a and  b in  formula  (2.3.4)  are 
assumed  to  be  the  following: 

1)  a = 4.0  and  b » 0.1  for  the  period  with  snow 

2)  a = 6.0  and  b - 0.9  for  the  period  without  snow 


The  sum  of  P for  a month  is  obtained  by  multiplying  its  daily  value  by  the 
number  of  calendar  days  in  the  month. 


It  is  recomnended  that  the  turbulent  heat  transfer  be  calculated  in  the  same 
way  as  in  calculations  of  evaporation  for  representative  stations,  the  obser- 
vations of  which  are  typical  for  the  surrounding  territory.  It  is  inadvisable 
to  use  formula  (2.3.4)  for  strongly  broken  terrain.  An  approximate  distri- 
bution of  the  values  of  P over  the  territory  of  the  USSR  is  presented  in 
Table  15. 
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Table  14  Distribution  of  the  summary  evaporation  from  the  surface  of  dry 
land  (E,  mm)  by  months* 
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Key:  A - Forest  B - Latitude,  degrees  C - Year 

I - European  part  of  the  USSR  II  - Western  Europe  III  - Eastern 

Siberia  and  the  Far  East 

a - Coniferous  b - Mixed  and  deciduous  c - Deciduous  d - Forest- 
steppe  e - Northern  taiga  f - Middle  and  southern  taiga 
*Compiled  by  Ye,  I.  Nesmelova  on  the  basis  of:  1)  Map  of  annual  evap- 

oration (E,  mm),  "Materialy  mezhduvedomstvennogo  soveshcheniya  po  pro- 
blems izucheniya  i obosnovaniya  rascheta  ispareniya"  [Materials  of 
the  Interdepartmental  Conference  on  the  Problem  of  Study  and  Substan- 
tiation of  Calculation  of  Evaporation],  Valday,  1966;  2)  ''Trudy  GGI," 
1968,  No  151, 


In  making  a frost  survey  and  compiling  a frost  forecast  it  is  possible  to  use 
the  very  simple  dependence 


(2.3.5) 


Table  15 


Turbulent  heat  transfer  and  Its  distribution  in  the  USSR  (kcal/ 
/cnr  x months)  (acc  to  data  of  "Atlas  teplovogo  balansa,"  1963) 
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Key:  A - Latitude,  decrees 


I,  II  and  III 


As  for  Table  14 


where  «<  Is  the  coefficient  of  turbulent  heat  transfer  between  the  soil  and 
the  atmosphere  (kcal/m‘  x degrees  x hrs). 


The  value  of  c<  can  be  determined  in  a survey  from  the  equation  of  the  radia- 
tion-heat balance  if  its  con^jonents  are  obtained  by  direct  measurements  in 
the  field  that  is,  u ,F  „ 

„ , . (2.3.6) 

1b 

The  coefficient  should  be  determined  for  each  type  of  landscape  (see  exam- 
ple 14). 


Calculation  oi  the  amount  of  cycled  heat  in  the  soil  and  rocks.  The  heat 
cycled  in  the  soil  in  a half-year,  according  to  V.  A.  Kudryavtsev,  is  deter- 
mined with  the  equation  [see  (4.1,11)  in  Chapter  4,  where  the  cycled  heat  is 
designated  by  the  letter  Q) 
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where  A is  the  amplitude  of  the  annual  fluctuations  of  temperature  on  the 
surface  of  the  ground  (its  physical  value  in  C);  T is  the  period,  equal  to 
a . year,  in  hours;  X is  the  thermal  conductivity  of  the  soils  in  the  grounds, 
kcal/nr  x degrees;  Q is  the  temperature  of  the  phase  transformations  of 
water  in  soils  and  ^ grounds,  kcal/nr;  J is  the  depth  of  the  seasonal 
freezing  (thawing)  of  the  soil,  m;  Aav  is  the  average  amplitude  in  the  layer 
of  seasonal  freezing  (thawing),  °C,  determined  with  formula  (4.1,3); 
is  determined  with  formula  (4.1.5). 


It  is  evident  from  the  presented  equation  that  the  value  of  B depends  on  the 
continental  climate  (through  A ),  the  height  zonation  and  the  latitudinal 
zonation  (through  tj  ).  It  is  very  important  that  the  heat  cycles  depend  to 
a great  degree  on  the  thermophysical  characteristics  of  the  ground  and  the 
phase  transitions  of  the  water  during  freezing  and  thawing,  which  is  connected 
with  the  influence  of  geological  factors  (the  genesis,  structure  and  composi- 
tion of  the  rocks  and  the  hydrogeological  conditions)  on  the  formation  of  the 
heat  cycles. 
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Chapter  3.  Conductive  and  Convective  Heat  Transfer  in  Rocks  and  Their 
Freezing  and  Thawing 

1.  The  Temperature  Field  of  Rocks.  Heat  Transfer  and  Heat  Cycles 

In  the  upper  layers  of  rocks  subjected'  to  very  sharp  thermal  effects  the 
temperature  serves  as  a very  active  and  variable  parameter  which  character- 
izes the  thermal  state  of  the  rocks  and  its  changes. 


The  temperature  distribution  in  rocks  is  called  their  temperature  field. 


The  temperature  field  in  rocks  is  determined  completely  if  the  temperatures 
i (t)  are  known  at  all  points  in  the  rock  at  each  given  moment  of  time  ( ~C ) , 

that  is,  if  the  function  t(x,  y,  z,  T)  is  known. 

If  the  position  of  surfaces  of  equal  temperatures  does  not  vary  in  time,  the 
temperature  field  is  called  stationary.  But  if  t^.  (x,  y,  z,"C)  f 0 the  po- 
sition of  surfaces  of  equal  temperature  varies  in  space  and  time  and  the 
temperature  field  is  called  nonfctat ionary. 


In  practice  the  temperature  field  in  rocks  is  judged  most  often  on  the  basis 
of  the  data  of  observations  in  wells  in  which  the  temperature  is  measured 
through  definite  intervals  in  depth  (z)  and  at  given  moments  of  time  (X). 
Three  kinds  of  temperature  curves  can  be  constructed:  1)  of  temperature  as 

a function  of  depth  at  different  moments  of  time  (t  - /(z)._  ) (Figure 

4);  2)  of  the  variation  of  temperature  as  a function  fo  time  s at  a 
given  depth  (t  - ■/("*')  _ ) (Figure  5);  3)  of  the  variation  of  depth 

of  a given  isotherm  asZ  a function  of  time  (z  - ;/(T)  on  (Figure  6). 

The  last-mentioned  kind  of  curves  often  is  called  a thermolsoplet . 


It  is  possible  to  judge  unequivocally  the  distribution  and  variation  of  tem- 
peratures in  the  volume  of  rocks  on  the  basis  of  measurements  of  temperature 
in  a single  vertical  well  only  when  it  is  known  that  the  isothermic  surfaces 
are  arranged  horizontally  (perpendicular  to  the  well  or  in  parallel  with  the 
day  surface).  In  that  case  the  problem  of  the  temperature  distribution  be- 
comes unidimensional. 


However,  if  the  Isothermic  surfaces  are  bent  and  not  perpendicular  to  the  wells, 
then  to  determine  them  it  is  necessary  to  measure  the  temperature  in  at  least 
three  wells  close  to  one  another  and  not  lying  on  a straight  line. 
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Figure  4.  Curves  of  the  variation  of 
rock  temperatures  as  a function  of 
depth  at  different  moments  of  time. 


Figure  5.  Curves  of  the  variation  of 
rock  temperatures  as  a function  of 
time  at  depths  of  1 - 0.4  m,  2 - 2 m, 
3 - 2.4  m,  and  4 - the  air 


a 


Figure  6.  Curves  of  the  variation  of  rock  temperatures 
over  a profile  in  time  (thermo i sop lets),  a - Months 
(March,  April,  etc). 

The  definitive  selection  of  the  necessary  number  of  veils  Is  generally  deter- 
mined by  the  concrete  geological  and  geographic  conditions  on  each  given  sec- 
tion. The  intensity  of  change  of  temperature  in  the  direction  of  the  normal 
to  the  isothermic  surfaces  (bt/bn,  where  n is  the  normal  to  the  isosurface) 
is  called  the  temperature  gradient.  The  temperature  gradient  caused  by  the 
heat  flux  going  from  the  depths  of  the  Earth  toward  the  surface  is  called  the 


52 


geothermal  gradient.  The  reciprocal  of  the  geothermal  gradient  is  called  the 
geothermal  degree.  The  geothermal  degree  shows  in  what  vertical  distance  the 
temperature  changes  by  1C. 

Temperature  fields  are  established  in  rocks  as  a result  of  heat  exchange  of 
the  latter  with  the  surrounding  medium  (atmosphere).  The  heat  exchange  is 
expressed  by  the  heat  balance  equation  which  connects  the  energy  influx,  trans- 
formation and  expenditure.  The  heat  exchange  is  expressed  numerically  by  the 
amount  of  energy  transformed  from  one  form  to  another  in  a given  volume  of  rock 
during  the  time  interval  under  consideration. 

In  the  climatic  zones  of  the  Earth  in  which  there  are  seasonal  variations  of 
the  arrival  and  outflow  of  energy,  the  annual  period  of  variation  of  tempera- 
tures in  rocks  is  subdivided  into  two  parts:  the  cooling  and  the  heating 
half-periods.  The  amount  of  heat  arriving  in  the  rock  during  the  heating 
half-period  and  leaving  it  during  the  cooling  half-period  is  called  the  heat 
cycled  in  the  rock. 

Very  closely  connected  with  those  heat  cycles  in  middle  ana  northern  latitudes 
are  the  processes  of  rock  freezing  and  thawing  described  by  nonlinear  equations 
of  heat  and  mass  transfer. 

2.  The  Equation  of  Thermal  Conductivity 

Processes  of  thermal  conductivity  (diffusion  and  filtration)  are  described  by 
equations  with  parabolic  second-order  partial  derivatives.  For  simplicity 
we  will  consider  the  process  of  heat  propagation  in  a rod  thermally 

insulated  on  the  sides  and  sufficiently  thin  that  at  any  moment  of  time  the 
temperature  can  be  considered  identical  at  all  points  of  the  cross  section 
(a  unidimensional  problem  of  thermal  conductivity).  To  find  an  equation 
satisfying  t(z,  T)  we  will  formulate  the  physical  laws  defining  the  processes 
of  heat  propagation. 

/The  property  of  thermal  conductivity/.  If  the  temperature  of  a hody  is  ir- 
regular, heat  flows  directed  from  points  with  higher  to  points  with  lower  tem- 
peratures arise  in  it.  The  amount  of  heat  flowing  through  the  cross  section 
z in  the  time  interval  ("C,  T+  dtj  is  equal  to: 

dQ  qFdx,  (3.2.1) 

where  q(z,T)  “ - X(z)  is  the  density  of  the  heat  flux  equal  to  the  amount 
of  heat  passing  per  unit  of  time  (hour)  through  a unit  of  area  F,  In  m , 

Here  X is  the  thermal  conductivity  coefficient  of  the  rod,  which  depends  on 
the  material.  The  minus  is  explained  by  the  fact  that  the  heat  flux  is  direc- 
ted toward  a reduction  of  temperature.  Consequently  the  amount  of  heat  Q,  in 
kcal,  passing  in  the  time  Interval  (t  , through  the  cross  section  z is 

equa 1 to 

Q -F  f /.(z)  x)dx. 
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/The  property  of  heat  capacity/.  The  amount  of  heat  needed  for  the  heating 
of  a body  by  At°C  is  equal  to  Q = C )fvAt.  where  C is  the  specific  heat,  in 
kcal/kg  x degree,  K is  the  dens ity,°kg/m  , and  v ?s  the  volume,  in  m^. 

If  the  temperature  variation  is  different  for  different  sections  or  the  rod 
is  not  homogeneous,  then 

Q F j Ca(z)y(z)A((z)  dz. 

/Heat  sources/.  Within  a body  heat  can  be  released  or  absorbed  (for  example, 
during  radioactive  decay,  chemical  reactions,  etc),  which  is  characterized 
by  the  density  of  the  heat  sources  w(z,  T ) at  any  point  z at  the  moment  T. 

As  a result  of  the  effect  of  sources  on  the  section  (z  , z ) in  the  time 
T 2>  the  quantity  of  heat  1 

V 

Q ^ I J 0)(z’  i)dzdx. 

Tl  *l 

is  released  (absorbed). 


The  Fourier  equation  describing  the  process  of  thermal  conductivity  in  a uni- 
dimensional  problem  has  the  form 


C„(z,  t)  y(z,  t) 


'(  (z.  T) 

c)l 


d 

uz 


UZ 


— «(z,  t). 


(3.2.2) 


In  the  particular  case  of  a homogeneous  medium  without  internal  sources, 
equation  (3.2.2)  is  written  in  the  very  simple  form: 

dt  (z.  t)  , o-l 

a2 , 

ox  dz‘ 

where  tL  - A/C^X  is  the  coefficient  of  thermal  conductivity.  Henceforth 
we  itfill  use  C to  designate  the  volumetric  specific  hdat  C t. 

The  equation  of  heat  propagation  in  space  (a  three-dimensional  problem)  is 
written  similarly.  In  that  case 


Q Ot  (x  , //  , Z , x)  I ) 

ox  Ox 


).(x,  y,  z,  l)~ 
Ox 
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dy 


K(x,  y,  z,  t) 


dt 

Oy 
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).  (x,  ij,  z,  t)  ~ 

dz 


, to  (at,  y,  z,  t), 


or  in  the  very  simple  form 


where 
is  a 


dt  (x,  y , z, 

dx 

. <fl 

A 1 

dt*  dy 1 

Laplace  operator. 


X) 

t- 


a-  A/, 
<r- 

dz- 


(3.2.3) 


/The  formulation  of  boundary-value  problems/.  To  single  out  the  only  solu- 
tion of  a thermal  conductivity  equation  it  is  necessary  to  add  to  the  equa- 
tion the  initial  and  terminal  boundary  conditions.  The  Initial  condition 


54 


consists  in  assigning  the  values  of  the  function  t(z,T)  at  the  initial  mo- 
ment T . The  boundary  conditions  differ  as  a function  of  the  temperature 
regime  on  the  boundaries.  In  frost  studies  three  types  of  boundary  condi- 
tions are  usually  considered; 

1)  type  I.  in  which  the  temperature  on  the  boundaries  is  given,  for  example, 

t (i , X)  - (X),  where  <1^  ( V ) is  given  in  a certain  interval  $ T ^ X • 

is  the  time  of  investigation  of  the  process; 

2)  type  II,  in  which  the  value  of  the  derivative 

— (/,  i)  <Mt)- 

dz 

is  given  on  the  boundary.  This  condition  occurs  if  the  value  of  the  heat 
flux  in  the  course  of  time  is  given; 


3)  type  III,  in  which  a linear  combination  of  the  function  and  the  derivative 
is  given 

0; 

This  condition  corresponds  to  heat  exchange  in  accordance  with  Newton's  law 
on  the  surface  of  a body  with  a surrounding  medium  the  temperature  of  which 
l|)^( X)  is  known. 


An  important  particular  case  is  the  heat  exchange  of  a body  with  a surround- 
ing body  through  radiation.  In  that  case  the  heat  flux  obtained  by  the  sur- 
face is  proportional  to  the  difference  of  the  fourth  powers  of  the  absolute 
tempera tures  of  the  surfaces  participating  in  the  heat  exchange: 

— (0,1)  ox  [/‘  (0,  i)  — l*  (z,  t)]. 

02 

Here  <T  is  the  Stefan-Bottzmann  constant;  K is  a constant  which  depends  on 
the  ability  of  the  body  to  absorb  radiant  energy  and  on  the  mutual  disposition 
of  the  radiating  and  irradiated  bodies.  The  boundary  conditions  on  the  dif- 
ferent boundaries  can  be  of  different  kinds,  so  that  the  number  of  boundary- 
value  conditions  is  large.  Also  often  used  is  the  condition  of  complete 
thermal  contact  of  two  media  (a  multilayered  medium)  with  fixed  boundaries, 
which  consists  in  continuity  of  temperature  and  the  heat  flux 


/(*,+  0.x), 


>.<*.-0  )4- 

02 


*i  -0 


>.(?,  + 0) 


dl 

Oz 
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where  z^  is  the  depth  of  contact  of  the  layers. 
3.  Temperature  Waves 


The  problem  of  the  propagation  of  temperature  waves  in  the  ground  without 
consideration  of  phase  transitions  is  one  of  the  first  examples  of  the  appli- 
cation of  the  mathematical  theory  of  thermal  conductivity  developed  by  Fourier 
to  the  study  of  natural  phenomena  (Tikhonov  and  Samarskiy,  1953). 
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The  temperature  on  the  surface  of  the  ground  has  a clearly  expressed  period- 
icity (daily,  annual  or  perennial).  The  problem  of  conductive  propagation 
of  periodic  temperature  fluctuations  in  the  ground,  that  is,  determination 
of  a periodically  established  temperature  regime,  is  a task  without  initial 
conditions,  since  during  multiple  repetition  of  the  temperature  course  on  the 
surface  the  influence  of  the  initial  temperature  drops  and  becomes  much  small- 
er than  other  factors  which  are  neglected  (for  example,  heterogeneous  ground). 

We  will  examine  a solution  of  the  problem  of  a per iodica 1 ly  established  regime 
for  a homogeneous  semirestr icted  rod  in  the  region  z ^ 0 (Tikhonov  and  Samar- 
skiy, 1966)  provided  that  given  on  the  surface  is 


/(O.t)  t0 

or 

, /lcOS(i>T, 

(3.3.1) 

1(0,  t)  /„  . 

/I  sin  tor, 

(3.3.2) 

where  t is  the  mean  temperature  during 
is  the  frequency,  A is  the  amplitude  of 
face  of  the  ground  and  T is  the  period. 

the  period  of  oscillations,^ 
temperature  oscillations  on 

- 277/  T 
the  sur - 

A limited  solution 
has  the  respective 

of  the  posed  problem 
forms 

under  the  conditions  (3.3.1) 

or  (3.3.2) 

t(z,  t) 

t0  j • Ae  ^ ?a*  ‘ cos  ^<ot  — 

VT')- 

t (z,  *) 

. 1 

/0  •-  Ae  sm  l (or- 

V  - ^ *)■ 

The  posed  problem 

is  solved  similarly  in 

the  case  of  a restricted  rod 

when  a 

constant  temperature  is  given  on  the  lower  boundary.  In  that  case  the  solu- 
tion has  a more  complex  form.  If  the  boundary  function  represents  a combin- 
ation of  harmonics  of  different  frequencies  or  amplitudes,  the  solution  be- 
cause of  the  linearity  of  the  problem  is  obtained  by  superposition  of  the  so- 
lutions corresponding  to  the  separate  harmonics.  In  precisely  the  same  way, 
in  the  case  where  a constant  temperature  gradient  is  given  in  the  medium,  for 
example,  the  geothermal  gradient  g,  degrees/meter,  a solution  of  the  problem 
is  obtained  in  the  form 


t (*•  t)  (o 


RZ 


On  the  basis  of  the  obtained  solution  Fourier  derived  the  following  dependences 
for  the  process  of  temperature  wave  propagation  in  the  ground.  During  periodic 
temperature  oscillations  on  the  surface,  in  the  course  of  a long  time  tempera- 
ture oscillations  with  the  same  period  are  established  in  the  ground,  where: 

1)  the  amplitude  of  oscillations  decreases  exponentially  with  depth 

j i/tc~  (334)  (Fourier’s  first  law) 

■\  p xr 

' *o  c 


M*) 
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that  is,  when  the  depth  changes  according  to  an  arithmetic  progression  the 
amplitude  changes  according  to  a geometric  one; 

2)  the  temperature  oscillations  in  the  ground  occur  with  a shift  of  phases 
proportional  to  the  depth 

5 J_;  I ' JsL-  (Fourier’s  second  law) 

2 l .-i>. 


3)  the  depth  of  penetration  of  temperature  into  the  ground  depends  on  the 
period  of  oscillations  on  the  surface.  For  temperature  oscillations  with  the 
periods  and  T?  the  depths  z^  and  z^  at  which  an  identical  relative  tem- 
perature variation  occurs  are  connected  by  the  correlation 


(Fourier's  third  law) 


That  law  makes  it  possible  to  find  the  depth  of  penetration  of  oscillations 
with  an  identical  amplitude  as  a function  of  the  period. 


From  the  presented  solution  of  the  thermal  conductivity  equation  during  peri- 
odic temperature  oscillations  on  the  surface  of  the  ground  flows  an  additional 
series  of  regularities  of  great  importance  in  frost  studies. 

It  follows  from  (3.3.4)  that 


where  f is  the  thickness  of  the  layer  of  ground  on  the  surface  of  which  the 
amplitude  of  temperature  oscillations  is  equal  to  A and  on  its  basement  to 
a certain  A$  - A(§). 

In  the  case  of  annual  temperature  fluctuations  at  A $ **  £ , where  t is  the  pre- 
cision of  measurement  (usually  t 0.1  °C),  within  the  limits  of  which  it  can 
be  assumed  that  the  oscillations  at  z > i are  practically  damped,  and  $ is  the 
depth  of  propagation  of  annual  temperature  oscillations  (the  depth  of  "zero" 
annual  amplitudes).  It  follows  from  (3.3.5)  that  the  depth  of  the  zero  annual 
amplitudes  increases  with  increase  of  A , \ and  T and  decreases  with  increase 
of  C.  ° 


Expression  (3.3.4),  which  describes  the  damping  of  amplitudes  with  depth,  makes 
it  possible  to  determine  the  annual  heat  cycled  in  a layer  of  soil  with  the 
th lckness  L . it  fo  llows  from  (3.3.3)  that  during  periodic  oscillations 
the  temperature  in  a layer  of  ground  with  the  thickness  f varies  in  the  range 
from  minimal  to  maximal  or  by  the  doubled  value  of  the  amplitude  of  oscilla- 
tions (Figure  7).  Consequently,  in  a layer  with  the  thickness  f the  heat  cycled 
during  the  ha  If -period  Is  equal  to 

<?,=»  2(4,  -Ao 
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V- 


If  we  introduce  the  concept  of  the  mean  amplitude  (A  ) for  a layer  with  the 
thickness  Jf  , the  expression  for  can  be  written  in  the  form 

Q0  (3.3.6) 

Consequently,  if  we  use  (3.3.5)  we  obtain 


To  determine  the  annual  heat  cycles  it  was  assumed  that  the  temperature  during 
the  year  at  each  depth  in  the  layer  under  consideration  with  the  thickness  i 
varies  by  twice  the  value  of  the  temperature  oscillations  2A|  , that  is,  in 
accordance  with  the  envelopes  depicted  on  Figure  7.  It  is  obvious  that  the 
envelopes  represent  fictitious  curves,  since  the  maximal  and  minimal  temper- 
atures reach  different  depths  at  different  times.  Because  of  that  the  heat 
cycles  according  to  the  envelopes  are  substantially  overstated  in  comparison 
with  those  passing  through  the  surface  into  the  soil  Q^. 


Figure  7. 


Temperature  curves  during  the  year  and  their 
envelopes  (1). 


Formula  (3.3.3)  is  used  to  determine  the  latter. 

During  periodic  oscillations  the  arrival  of  heat  is  noted  during  one  half- 
period and  the  discharge  of  heat  during  the  other.  In  that  case  the  heat 
fluxes  change  signs.  In  the  annual  balance,  when  there  is  a periodically 
established  regime,  the  inflow  is  equal  to  the  outflow. 


We  will  find  an  expression  for  the  temperature  gradient  on  the  surface  at  any 
moment  of  time.  To  do  that,  differentiating  (3.3.3)  with  respect  to  depth 
and  substituting  z " 0,  we  obtain  (without  consideration  of  the  geometric 
gradient) 
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(3.3.8) 
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If  we  equate  (3.3.8)  to  zero  we 
moments  of  inversion  of  sign  of 


obtain  for  boundary  conditions  (3.3.2)  two 
the  heat  fluxes  during  the  annual  cycle: 


T] 


* 


- r. 


,s 


In  the  case  of  (3.3.1)  we  have  analogously 

t,  1 T li  t,  Ay. 

8 8 


Finally  the 
cle  will  be 


inflow  (outflow)  part  of  the  heat 
equal  to 


V2  (A,  A) 


fluxes 


dur ing 


the  complete 


cy- 


If  we  compare  the  obtained  expressions  for  the  heat  cycled  Q according  to  the 

envelopes  with  those  passing  through  the  surface  Q , it  becomes  evident  that 

Q is  greater  than  the  real  heat  cycles  Q by  72  times, 
o s 

The  number  of  heat  cycles  during  an  arbitrary  time  interval  is  obtained  simi- 
larly during  corresponding  substitution  of  the  integration  limits. 


By  means  of  A the  expression  for  the  heat  cycles  through  the  surface  of  the 
soil  for  the  layer  / assumes  the  form 

l/2,%p  Cg.  (3.3.9) 

It  is  obvious  that  the  described  theory  is  valid  during  heat  propagation  in 
dry  homogeneous  ground,  without  consideration  of  phase  transitions  of  water 
transformation. 


4.  Determination  of  the  Configuration  of  the  Frozen  Rock  Mass  and  the 
Temperature  Field  in  It  by  Solving  the  Stationary  Problem  of  Thermal 
Conductivity 

The  configuration  of  the  rock  mass  and  its  thermal  regime  are  in  a definite 
regular  connection  with  the  conditions  of  heat  transfer  on  the  surface  and 
the  heat  flux  from  the  depths  of  the  earth.  The  main  difficulty  in  solving 
the  given  problem,  especially  in  the  multidimensional  case,  consists  in  the 
substantial  nonstationary  character  of  the  temperature  field,  primarily  in 
the  layer  of  seasonal  freezing  and  thawing.  At  the  same  time,  in  connection 
with  perennial  temperature  fluctuations  bn  the  surface,  the  temperature  field 
below  the  layer  of  annual  fluctuations  also  is  nonstationary  and  varies  at  any 
depth  in  any  time  segment.  However,  the  amplitude  of  the  perennial  tempera- 
ture fluctuations  is  considerably  smaller  than  the  amplitudes  of  their  annual 
fluctuations.  To  simplify  the  problem,  D.  V.  Redozubov  proposed  that  below 
the  layer  of  annual  fluctuations  the  temperature  field  is  practically  stationary. 

Starting  from  that,  D.  V.  Redozubov  (1959)  proposed  a simple  method  of  "thermal 
prospecting  for  frost,"  based  on  solution  of  the  Dirichlet  problem  (the  first 
boundary-value  problem),  that  is,  solution  of  the  stationary  problem  of  thermal 
conductivity  under  type  I boundary  conditions.  That  method  makes  it  possible 
to  determine  approximately  the  configuration  of  the  permafrozen  rock  mass  and 
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the  temperature  field  in  it,  using  data  on  the  basis  of  shallow  wells  and 
the  known  temperature  at  a fairly  great  depth  (on  the  known  geothermal  gradi- 
ent in  the  given  region).  The  geothermal  gradient  is  taken  into  considera- 
tion, as  in  Section  3,  in  accordance  with  the  principle  of  superposition,  as 
the  problem  is  linear  in  such  a formulation. 


Exclusion  of  the  layer  witha  sharply  nonstationary  temperature  field  leads 
to  a need  to  introduce  a bounding  surface  where  a temperature  distribution 
is  given  which  is  invariable  in  time  (but  depends  on  the  coordinates  in  the 
case  of  a 2-  or  3-dimensional  problem).  The  bounding  surface  is  selected  as 
a function  of  the  relief  of  the  surface.  A very  simple  case  of  the  form  of 
the  bounding  surface  is  a plane,  and,  in  the  two-dimensional  case,  a straight 
line  bounding  a half-plane.  In  the  latter  case  the  stationary  temperature 
field  for  the  homogeneous  ha  If -plane  - ® < x < m and  z > 0 is  determined  by 
solving  the  Laplace  equation 


(*  -•>  <Ft  (r,  z)  . 

'■>-  , v- 

upon  the  condition  / (x,  0)  if  (x), 


(3.4  1) 

(3  4.2) 


where  z = 0 is  the  equation  of  the  bounding  surface  and  <t>(x)  is  the  given 
temperature  distribution  on  it. 


As  is  known,  the  solution  of  that  problem  is  written  with  the  Poisson  integral 


t (x.  z) 


■ r <p  (s)  ds 

•n  J (s  .r  s* 

- <30 


(3.4.3) 


In  the  case  of  consideration  of  the  heat  flux  from  the  depths  of  the  earth, 
using  superposition  of  solutions  we  have 


1 (x,  z)  g z ; | 


If  (s)rfs 

(s  x jr  . 


In  a number  of  cases,  instead  of  the  geothermal  gradient  it  is  more  conven- 
ient to  give  the  temperature  at  the  depth  h,  which  ought  to  be  considerably 
greater  than  the  depth  of  propagation  of  negative  temperatures.  That  condition 
is  satisfied  by  the  data  of  deep  wells:  in  practice,  t(x,  h)  depends  little 

on  the  form  of  the  relief  and  the  conditions  on  the  bounding  surface. 


As  a result  the  task  is  reduced  to  solution  of  equation  (3.4.1)  for  the  band 
bounded  by  the  lines  z = 0 and  z = h (Figure  8a)  under  condition  (3.4.2),  and 
also 

t (x.  h)  i|)  (x).  (3.4.4) 

The  last-mentioned  task  is  solved  by  means  of  conformal  transformation  in  a 
complex  region. 


At  first  the  band  with  the  height  h is  conformally  depicted  in  a band  with 

the  width  TT  by  means  of  the  transformation  n = p ♦ iq  ■ ? (x  + zi)  and  then, 

^ (x  + iz)1 

using  the  depleting  function  v-a  + ib  = e -e  , in  a ha  If -plane 

with  a positive  value  of  b. 
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Figure  8.  To  solve  the  Dirichiet 
problem:  a - for  a layer  with  the 
thickness  h in  the  coordinates  x 
and  z;  b - for  a half-plane  in 
the  coordinates  a and  b. 


The  correlation  between  the  initial  and  final  contours  is  established  with 
the  formulas: 


b 


n 

Mil  

h 


(3.1 .5) 


As  can  readily  be  seen  from  (3.4.5),  the  boundaries  of  the  initial  band  in 
that  case  go  over  into  the  real  axis  of  the  plane  v (Figure  8b),  with  the  line 
z = 0 going  over  into  the  ha  If- line  b = 0,  a > 0 and  the  line  z = h into  the 
half-line  b * 0,  a < 0. 


As  a result,  in  the  region  X a solution  of  the  posed  problem  will  be 


t (a,  b) 
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F (*)  ds 
(i  - a)2  b1 


(3.4.6) 


where  yti  (a ) is  the  representation  of  the  functions  <t>  (x)  and*V*  (x)  after  trans- 
formation in  the  corresponding  intervals  of  the  axis  b = 0.  If  we  find  t (a , b) 
and  replace  a and  b by  x and  z we  obtain  a formula  for  calculation  of  the 
initial  stationary  temperature  field. 


In  the  case  where  (J) (x ) is  described  by  different  formulas  on  different  sec- 
tions, it  is  necessary  to  find  with  formulas  (3.4.5)  the  new  intervals  of 
those  sections  after  representation  in  (2)  and  divide  (3.4.6)  by  the  sum  of 
the  corresponding  integrals.  In  that  case,  (3.4.6)  is  Integrated  without  dif- 
ficulty and  uniformly  for  all  sections  with  an  analogous  type  of  ^.(a).  Cal- 
culation of  such  a problem  is  more  complex  if  the  bounding  surface  is  broken 
and  is  done  with  use  of  a Chr istof fel-Schwartz  transform. 


Two-dimensional  schemes  are  used  directly,  in  particular,  to  investigate  sta- 
tionary fields  in  vertical  sections  perpendicular  to  rivers  and  extended  run- 
off belts.  In  the  same  cases,  where  the  boundary  conditions  on  the  bounding 
surface  (plane)  depend  on  both  coordinates  and,  consequently,  determine  the 
three-dimensional  temperature  field,  the  solution  of  the  problem  is  made  much 
more  difficult.  Very  attainable  is  the  case  where  the  temperature  on  the 
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bounding  plane  is  invariable  within  concentric 
temperatures  I.  between  them,  i = 1,  2,  n 
any  point  of  the  vertical  axis  has  the  form 


circlet  with  ti  t r.idii  R and 
, In  chat  ca s<  • < lolutioi 


1(0, 0.2)  gi 


n 


V 


<r,  r 

I *•’;  i 


Such  temperature  distributions  are  characteristic  f circular  ! di.  1 water, 
closed  depressions  and  separate  elevations  on  section  f c v.  rg.  ' fr  t. 


Among  the  shortcomings  of  the  scheme  proposed  by  1J . Re  ■:  i :i,rL>.  rd 

of  the  heterogeneity  of  the  medium  and  the  internal  he.u  urci  . I nJd i - 
tion,  the  abstraction  connected  with  the  adopted  stut  i ...r . <;•  ••m.  •;  . . 

take  into  consideration  the  perennial  variation  of  climate,  is  > r«  ,ult  f 
which  "thermal  prospecting  for  frost"  can  only  approximately  i llc.iti  l'  e 
disposition  of  the  lower  boundary  of  the  frozen  rocks  without  cni  ider.it  h ■ 
of  its  dynamics  in  time  (aggradation  or  degradation  of  the  fr  st). 


D.  V,  Redozubov's  method  has  been  successfully  used  recently  for  individual 
cases  in  the  calculation  of  the  limiting  basin  of  thawing  under  structures 
where  there  are  permafrozen  rock  masses. 

5,  Formulation  of  the  Problem  of  the  Freezing  and  Thawing  of  Rocks 

The  freezing  and  thawing  of  moist  ground  is  a complex  thermodynamic  process 
which  takes  place  in  a heterogeneous  capillary-porous  medium.  The  problem 
of  the  dynamics  of  that  process  in  time  is  among  the  most  complex  of  mathe- 
matical physics.  The  main  difficulty  in  solving  that  problem  is  the  need  to 
take  into  consideration  variation  of  the  aggregate  state  and  thermophysical 
characteristics  of  the  medium,  as  a result  of  which  the  problem  becomes  non- 
linear. In  addition,  during  freezing,  simultaneously  with  change  of  the  tem- 
perature field  there  is  mass  transfer  caused  by  the  movement  of  moisture.  In 
a considerable  number  of  cases,  when  during  freezing  there  is  an  absence  of 
intensive  frost  heaving  connected  with  moisture  transfer,  for  practical  pur- 
poses it  is  possible  to  limit  the  investigation  of  the  process  of  freezing 
of  moist  ground  by  calculating  its  thermal  regime  with  consideration  of  the 
phase  transitions  of  water.  By  virtue  of  the  fact  that,  depending  on  the 
physical  properties  of  the  ground,  phase  transitions  can  occur  both  completely 
at  the  freezing  temperature  (coarsely  dispersed  soils)  and  also  in  the  spec- 
trum of  temperatures  (finely  dispersed),  two  formulations  of  the  problem  of 
freezing  without  consideration  of  migration  are  possible. 

We  will  examine  separately  the  mathematical  formulation  of  each  of  those 
problems.  For  simplicity  we  will  examine  a two-phase  medium  (one  mobile  in- 
terface). 


Here  and  henceforth  by  a phase  is  understood  a zone,  the  number  of  mobile  in- 
terfaces always  being  assumed  to  be  one  less  than  the  number  of  phases.  There- 
fore by  a single-phase  problem  will  be  understood  a problem  in  a region  with 
Immobile  boundaries  in  the  absence  of  phase  transitions.  A case  where  there 
is  one  phase  taut  one  or  two  boundaries  of  the  region  of  investigation  are 
mobile  (for  example,  the  problem  of  ablation),  is  a particular  case  of  the 
corresponding  multiphase  problem. 
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1)  Formulation  of  the  Problem  of  the  Freezing  (Thawing)  of  Homogeneous  Soil 
With  the  Formation  of  an  Interface  (the  Stefan  Problem) 

During  transition  of  the  ground  temperature  through  the  critical  value  there 
is  a sudden  change  of  the  physical  state  of  the  ground.  On  the  surface  where 
phase  transitions  oceur  (the  mobile  interface)  the  melting  (solidification) 
temperature  is  always  preserved  which  without  limitation  of  generality  can  be 
considered  equal  to  zero. 

It  Is  assumed  that  during  movement  of  the  interface  the  heat  of  phase  trans- 
formations of  water  (Q  ) is  completely  released.  In  each  of  two  zones  (the 
upper  is  limited  to  th?  plane  z = 0 and  the  lower  from  below  to  the  plane 
z = -t)  the  sought  temperature  distribution  functions  in  the  two  zones  t^(z,  T) 
i = 1 and  2,  satisfy  the  Fourier  condition,  the  boundary-value  conditions  being 
given. 

The  thermophysical  conditions  in  the  two  zones  --  the  thermal  conduct ivity  A , 
the  thermal  conductivity  a1 2 , the  moisture  w and  the  density  Y --  are  constant 
and  given.  During  transition  through  the  interface  the  thermophysical  con- 
stants change  suddenly.  The  change  of  density  of  the  heat-conducting  medium 
Is  disregarded  and  processes  of  convection  and  radiation  are  not  taken  into 
cons ideration. 

The  mathematical  formulation  of  a unidimensional  Stefan  problem  in  the  case 
a two-phase  homogeneous  medium  is  as  follows  (Tikhonov  and  Samarskiy,  1966). 

In  each  zone  the  process  is  described  by  a Fourier  equation: 

'V*.T>  aa6,tit*dL  ,VIiI  0 < z I 

Ox  1 I (3.5.1) 

a c(r )<z<l 

dx  2 •«* 

with  the  boundary  conditions  (in  the  case  of  the  first  boundary-value  problem) 

MO.  t)  ‘Mr),  ^ | 

0)  >fi(2).  upu  0<z <!(0),  j 

tAl.x)  <lh(t),  I (0-  2> 

/5 (z,  0)  ip,(z),  ripn  |(0)  <z  </,  | 

npilMCM  i (0)  £„>•  0.  ; 


The  following  conditions  are  fulfilled  on  the  mobile  interface  z - %{x) 

M5(t).  x\  M l(t),  t|  0.  (3.5.3) 


. . U.  X) 

'•>  ~ ; 


The  subscripts 

Q , is  the  heat 
ph 


K~ 


Mz.  T) 


Q*v  (x). 


(3.5.4) 


1 and  2 relate  to  the  solid  and  liquid  zones  respectively,  and 

of  phase  transformations  of  water  in  one  cubic  meter  of  ground. 
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Condition  (3.5.4),  which  determines  the  rate  of  advance  of  the  front,  does 
not  depend  on  the  course  of  the  process  of  freezing  or  thawing  if  on  the  left 
side  the  first  term  corresponds  to  the  flux  in  the  frozen  zone.  In  calcula- 
tions of  the  seasonal  freezing  or  thawing  the  depth  of  the  annual  temperature 
fluctuations  usually  is  considered  to  be  «£. 

In  such  a formulation,  the  problem,  in  spite  of  the  linearity  of  the  equa- 
tions of  thermal  conductivity  in  each  of  the  zones,  is  classed  as  nonlinear 
in  the  sense  of  conditions  on  the  mobile  interface  (Stefan,  1889). 

This  is  of  enormous  importance  from  the  point  of  view  of  finding  a solution 
in  various  conditions,  since  in  the  nonlinear  problem  it  is  impossible  to  apply 
the  method  of  superposition  of  solutions.  In  connection  with  that,  any  change 
in  the  boundary  conditirns  leads  to  a need  for  repeated  solution  of  the  problem 
in  complete  volume.  Thus,  for  example,  the  problem  of  freezing  at  the  tempera- 
ture of  the  surface,  representing  a superposition  of  several  oscillations,  can- 
not be  solved  in  the  form  of  a linear  combination  of  corresponding  solutions 
for  each  of  the  oscillations. 

In  calculations  of  seasonal  or  permanent  freezing  (thawing)  the  process,  as  a 
rule,  is  reduced  to  a multifront  problem.  In  that  case  the  Stefan  problem  is 
written  in  the  following  manner.  Let  at  f = 0 there  be  an  n-phase  medium, 
n 2.  In  that  case  the  number  of  mobile  boundaries  is  n - 1.  In  each  of  the 
zones  (i  = 1,  2,  ...,  n)  the  following  equations  are  examined 

‘ a\  ;,r-  (T)<*<  £.  (t).  t>  0 (3.5.5) 

under  the  given  boundary  conditions  (on  immobile  boundaries  t (0,  X)  = (f), 

tn(^,'t)  • <t>n("0  and  the  initial  conditions  t^(z,  0)  - <)>.(z),  f (0)  <°z  < 

< 1.(0),  where  f o(T)  = 0,  fn(T)  = i,  and  f (0)  < ^(0). 

The  following  conditions  are  fulfilled  on  mobile  interfaces 


A (?.  (t),tJ  A i ft,  (t),  t]  0, 


4-1  . 

02  I* 


( i)i;  1 


(3.5.6) 

(3.5.7) 


If  the  first  is  a zone  of  thawing,  then  in  the  last -ment ioned  condition  the 
right  side  is  taken  with  the  opposite  sign. 

2.  Formulation  of  the  problem  of  Freezing  (Thawing)  of  Rocks  With  Considera- 
tion of  Unfrozen  Water  (With  the  Formation  of  a Zone  of  Freezing) 

In  real  soils  free  moisture  freezes  at  a certain  temperature  near  0°C , and 
combined  freezes  in  a certain  range  of  negative  temperatures  in  accordance 
with  the  curve  of  unftozen  water  (Figure  9).  Without  limitation  of  generality 
one  can  consider  0 C to  be  the  temperature  of  the  start  of  freezing. 

During  freezing  of  the  ground  a zone  of  freezing  forms  in  which,  side  by  side 
with  water  unfrozen  at  the  given  temperature,  there  also  are  ice  crystals. 
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Figure  9.  Curves  of  freezing  (ice-con- 
tent) (1)  and  thawing  (2)  of  typical 
dispersed  rocks  according  to  Z.  A. 
Nersesova:  a - sand;  b - loam;  c - 
clay  A - lce->content , % 


The  interface  of  that  zone  with  thawed  rocks  is  the  zero  isotherm,  that  is, 
the  mobile  interface.  In  the  zone  of  freezing  there  is  a continuous  release 
of  the  heat  of  phase  transitions  of  water  in  a quantity  proportional  to  the 
tangent  of  the  angle  of  inclination  of  the  curve  of  ice  formation  i(t)  to  the 
axis  of  temperatures  and  the  rate  of  cooling. 


Thus  in  the  freezing  zone  there  are  continuously  distributed  heat  sources: 

di(z.t)  Otlz.t) 

o>(z,  /)  P — I1  lU  Ox 


(the  derivation  of  the  formula  is  presented  in  the  book  of  V.  S.  Luk'yanov  and 
M.  D.  Golovko,  1957).  Here  ^*  = 80,000  kcal/m^  is  the  freezing  heat  of  1 cubic 
meter  of  water. 

The  situation  is  similar  during  thawing.  It  is  essential  that,  since  the  ice 
content  increases  with  lowering  of  the  temperature,  i'(t)  < 0. 

At  the  same  time,  on  the  interface,  where  the  temperature  is  always  constant 
and  equal  to  that  of  the  start  of  phase  transitions,  there  are  phase  trans- 
formations of  free  water  similar  to  that  described  earlier  during  considera- 
tion of  the  Stefan  problem.  If  the  natural  moisture  of  the  ground  is  equal 

to  w,  the  amount  of  free  water  is  equal  to  w - w (0),  where  w (t)  is  the 
’ , ,un_  un 

unfrozen  moisture  at  the  temperature  t,  when  t •%.-  0. 

Thus,  in  the  case  of  freezing  (thawing)  of  the  ground  in  the  spectrum  of  tem- 
pera tares  the  thermophysical  characteristics  in  both  zones  change  suddenly 
during  transition  through  the  interface.  However,  in  the  freezing  (thawing) 
zone  in  the  given  case  the  thermophysical  characteristics  depend  substantially 
on  the  temperature*. 

Thus,  in  the  case  of  freezing  (thawing)  of  the  ground  with  consideration  of 
phase  transformations  of  the  unfrozen  water  in  freezing  zones,  the  tempera- 
ture field  is  described  by  a quasil inear  equation. 


*In  that  case  it  is  assumed  that  during  change  of  the  ice  content  the  amount 
of  unfrozen  water  rema ins  practically  unchanged. 


65 


For  the  case  of  freezing  of  the  ground  in  the  spectrum  of  negative  tempera- 
tures the  mathematical  formulation  of  the  problem  has  the  form  (the  first 
zone  is  assumed  to  be  frozen)  (Dostovalov  and  Kudryavtsev,  1969) 
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On  the  mobile  interface 
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(3..).  10) 
Q*(5)5'(t).  (3.5.11) 


Here  X (z,  t ) Is  the  thermal  conductivity  of  the  ground  in  the  freezing  zone 
at  the  temperature  t C and  the  summary  moisture  w(t),  w(t)  = v[w  - w (t)  + 

+ w (t),  v is  the  coefficient  of  volumetric  expansion  during  the  freezing  of 
free  water,  Q ^ = m[w  - w^(0)]  is  t*1e  heat^of  phase  transitions  of  free 
water  during  ™ the  freezing  (thawing)  of  1 m of  rock,  C^(z,  t)  is  the  effec- 
tive heat  capacity  in  the  freezing  zone  and  )k_(z)  and  (z ) are  the  thermal 
conductivity  and  heat  capacity  respectively  of  the  thawed  ground  in  the  Stefan 
problem.  Here  and  henceforth  one  has  in  mind  the  moisture  content  of  the 
ground  by  volume. 


6,  Brief  Survey  of  Particular  Solutions  of  the  Stefan  Problem 

The  first  attempt  to  solve  the  problem  of  thermal  conductivity  with  consid- 
eration of  release  of  the  heat  of  phase  transitions  on  a mobile  interface  was 
made  by  Lame  and  Clapeyron  (1831).  They  examined  the  problem  of  the  cooling  of 
an  originally  fused  homogeneous  sphere  at  zero  temperature  on  the  surface  with 
reference  to  the  solution  of  the  question  of  the  solidification  of  the  earth. 
The  depth  of  freezing  of  thegroundWas  calculated  for  the  first  time  by  Zahl- 
schutz  (1862),  who  obtained  a very  simple  formula  in  the  case  of  a zero  initial 
ground  temperature.  That  formula  later  became  known  as  the  "Stefan  formula." 

The  Austrian  mathematician  Stefan  (1889)  made  an  enormous  contribution  to  the 
solution  of  the  problem  which  later  was  named  for  him.  In  particular,  he  is 
credited  with  a rigorous  solution  of  the  self -modeling  problem  for  a semi- 
restricted  homogeneous  medium  ("the  classical  Stefan  problem"). 

Later,  starting  from  practical  needs,  approximate  methods  of  solving  the  Stefan 
problem  received  intensive  development.  An  important  role  was  played  here  by 
the  first  method  of  L.  S.  Leybenzon  (1931),  used  by  him  to  solve  the  problem 
of  the  time  of  freezing  of  an  oil  pipeline.  It  was  used  later  by  S.  S.  Kov- 
ner in  calculating  the  time  of  freezing  of  spheres,  A.  A.  Charnyy  (1940)  to 
calculate  the  freezing  of  the  ground  around  a well,  and  also  by  M.  M.  Krylov 
(1934)  and  others. 


Of  great  importance  from  the  point  of  view  of  practical  use  is  the  formula 
proposed  by  V.  S.  Luk’yanov  and  nomographed  by  M.  D.  Golovko  (1955),  in  which 
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heat  cycles  on  account  of  heat  capacity  in  the  frozen  zone  and  wanning  of  the 
surface  of  the  ground  by  means  of  insulation  were  taken  into  account. 

In  the  Department  of  Geocryology  formulas  have  been  developed  for  calculat- 
ing the  depths  of  freezing  and  heat  cycles  during  periodic  temperature  fluc- 
tuations on  the  surface  of  the  ground  (Kudryavtsev  and  Melamed,  1963,  1965), 
which  are  examined  in  detail  in  Chapter  4. 

An  enormous  influence  was  exerted  on  the  development  of  the  question  and  the 
solution  of  theoretical  and  practical  problems  connected  with  the  freezing  and 
thawing  of  the  ground  by  analog  computers,  of  which  one  should  note  first  of 
all  the  hydraulic  integrator  of  the  system  of  V.  S.  Luk'yanov. 

The  solution  of  single-  and  multifront  Stefan  problems  in  general  form  under 
arbitrary  boundary  conditions  has  been  widely  developed  --  by  L.  I.  Ruben- 
shteyn  (1947),  V.  G.  Melamed  (1957),  F.  F.  Vasil'yev  (1964),  A.  B.  Uspenskiy 
(1968),  etc.  In  addition,  methods  of  solving  the  self-modeling  problem  in 
the  case  of  freezing  and  thawing  of  ground  in  a range  of  temperatures  have 
been substant ia 1 iy  developed  (Melamed,  1963).  However,  because  of  the  complex- 
ity of  the  problem  it  can  be  solved  with  the  enumerated  algorithms  only  by 
using  electronic  computers. 

7.  Solutions  of  the  Stefan  Problem 

1.  Solution  of  the  Classical  Stefan  Problem 

The  classical  Stefan  problem  is  the  name  given  a very  simple  self-modeling 
problem  of  freezing  and  thawing  in  a homogeneous  isotropic  medium  under  con- 
stant boundary  conditions.  It  is  assumed  that  the  temperature  on  the  surface 
at  = 0 + 0 changes  instantaneously  and  becomes  equal  to  a constant  different 
in  sign*  from  the  initial  distribution.  In  that  case  a mobile  interface  ap- 
pears, the  rate  of  advance  of  which  (side  by  side  with  the  temperature  fields 
in  both  zones)  is  subject  to  determination. 

Under  the  indicated  conditions  the  problem  of  freezing  (thawing)  is  reduced 
to  solution  of  equations  (3.5.1),  (3.5.3)  and  (3.5.4)  under  the  boundary  con- 
ditions 

1,(0,  r)sl,  const,  (3-7.1) 

t2(z,  0)aT,  =*  const,  z>0,  1(0)  0-'  (3.7.2) 

In  the  case  of  freezing  T < 0 and  T -?•  0 + 0,  and  In  the  case  of  thawing 
T1  > 0 and  T2  $ 0 - 0.  1 1 

A solution  of  the  posed  single-front  problem  is  found  in  the  form  (Tikhonov 
and  Samarskiy,  1953) 


*The  temperature  of  the  phase  transformations  of  water  is  assumed  to  be  zero. 
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where  A and  B. , i = 1 and  2,  are  unknown  constants,  and 
is  the  Integra i of  errors. 


It  is  obvious  that  the  functions  t . (z , r)  > 1 = 1 and  2»  satisfy  the  Fourier 
equation.  If  we  substitute  t.(z,  ^ ) in  (3.5.3)  we  obtain 
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(3-7.3) 


The  conditions  (3.7.3)  are  fulfilled  at  all  values  of *C,  which  is  possible 
only  upon  the  condition 

c.(x)  p V t,  (3.7.4) 

where  (3  is  a certair  constant. 


In  the  final  account  the  solution  of  the  problem  in  the  case  of  freezing 
reduced  to  seeking  the  root  of  the  equation,  which  flows  from  (3.5.4): 
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is 


The  existence  of  the  positive  root  P of  that  equation  when  the  signs  of  T 
and  T2  are  different  follows  from  the  fact  that  during  change  of  (3  from  0 to 
od  its  left  side  continuously  varies  from  - a>  to  + on  and  its  right  from  0 to 
-m.  The  singularity  of  the  root  flows  from  the  fact  that  both  the  left  and 
right  sides  of  (3.7.5)  are  monotonic  functions  of  (3.  On  the  basis  of  that, 

(3  can  be  readily  found  by  the  method  of  selection. 

The  self-modeling  multifront  problem  is  examined  quite  analogously.  Proof 
of  the  existence  and  singularity  of  the  solution  of  that  problem  were  pre- 
sented in  L.  I.  Rubenshteyn ’s  well-known  book,  '(Problema  Stefana"  [The  Stefan 
Problem]  (1967). 


In  addition,  if  it  is  assumed  that  the  curve  of  unfrozen  water  has  a linear 
form,  the  problem  is  reduced  to  the  classical.  Upon  such  an  assumption  the 
effective  heat  capacity  remains  constant.  It  is  obvious,  however,  that  such 
an  attempt  to  take  into  consideration  the  phase  transformations  of  water  is 
restrictive  from  the  practical  point  of  view.  At  the  same  time,  approx imnt ion 
of  the  curve  of  unfrozen  water  by  several  links  of  a broken  line  leads  to  a 
system  of  transcendental  equations,  the  numerical  solution  of  which  is  ex- 
tremely difficult  in  practice. 
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2.  Approximate  Solutions  of  the  Stefan  Problem 

A.  The  Stefan  Formula  for  Determining  the  Depth  of  Seasonal  and  Permanent 
Freezing  (Thawing)  of  Rocks 

In  connection  with  the  fact  that  the  numerical  solution  of  transcendental 
equation  (3.7.5)  presents  some  difficulties,  for  rough  approximate  calcula- 
tions a formula  often  is  used  which  in  the  literature  is  called  the  Stefan 
formula  (first  derived,  as  indicated  above,  by  Zahlschutz). 

We  will  examine  the  freezing  of  a semirestr icted  homogeneous  medium  present 
at  the  temperature  of  phase  transitions  t(0)  = 0.  At  the  initial  moment  of 
time  the  temperature  T^  < 0 is  given  instantaneously  on  the  surface  and  is 
later  kept  constant. 

For  maximal  s impl if ica t ion  it  is  assumed  that  the  temperature  distribution 
in  the  upper  zone  is  subject  to  a rectilinear  law.  Hence  it  follows  that  at 
any  point  of  it  (including  on  the  Interface  from  the  direction  of  the  upper 
zone)  the  heat  flux  is  equal  to  A^CI^/i  (r)),  where  f (T ) is  the  depth  of 
freezing  at  the  arbitrary  moment  of  time  X . 


The  assumption  that  in  the  lower  zone  the  temperature  is  constant  and  equal 
to  0°C  has  the  result  that  the  heat  flux  from  below  toward  the  interface  at 
any  values  V 0 is  equal  to  0.  Then  the  Stefan  condition  will  assume  the 
form 


± '<  t 


r, 
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The  minus  sign  applies  to  the  case  of  freezing  and  the  plus  sign  to  thawing. 
Consequently,  if  we  integrate  with  respect  to  X from  0 to  an  arbitrary  T (in 
that  case  $ varies  from  0 to  J (X)),  we  obtain 


where 


i(To)  »Vr0. 


(3.7.G) 


The  obtained  expression  can  be  rewritten  differently  in  the  form 
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(3.7.7) 


where  H - T|T  I is  the  sum  of  the  heat  or  frost  degree-hours. 


It  is  obvious  that  in  practical  calculations,  especially  when  T^  t 0,  the 
results  obtained  with  formula  (3.7.6)  will  be  considerably  overstated.  Never- 
theless, because  of  its  exceptional  simplicity  that  formula  is  often  used  in 
practice  in  estimates  even  in  the  case  of  a variable  temperature  at  the  sur- 
face. For  that  it  is  necessary  only  to  determine  the  value  of  fl  on  a seasonal 
temperature  diagr  m.  The  calculations  with  (3.7.6)  can  be  simplified  somewhat 
if  data  are  available  on  the  depth  of  freezing  (thawing)  for  a definite  year 
on  a specific  area  bare  of  snow  cover.  Actually,  let  O - and  J - 
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be  known  for  that  year.  Then  for  any  other  year  when  fi  = fi^the  corresponding 
depth  of  freezing  (thawing)  on  the  same  area  can  be  found  in  accordance  with 
(3.7.7)  in  the  form  of  _ . / 0. 

-'V 

B.  Determination  of  the  Depth  of  Seasonal  and  Permanent  Freezing  (Thawing) 
of  Rocks  by  the  Leybenzon  Method 


The  idea  of  the  method,  based  on  variational  principles,  is  that  the  tempera- 
ture distribution  in  both  zones  is  given  in  a very  simple  form  but  one  satis- 
fying the  boundary  conditions  of  the  problem.  Then  by  means  of  the  Stefan 
condition  an  equation  is  found  which  describes  the  change  of  the  interface 

$ C-C). 

The  method  under  consideration  is  especially  effective  with  reference  to  the 
Stefan  problem  because  the  heat  cycles  occurring  on  the  phase  transitions 
considerably  exceed  the  imprec is  ions  in  the  heat  cycles  arising  during  dis- 
tortion of  the  temperature  field  within  the  zones.  The  temperature  distri- 
bution functions  in  the  two  zones  are  selected  in  a very  simple  form  so  that 
the  Stefan  condition  may  be  integrated  in  an  explicit  form. 


We  will  examine  an  approximate  solution  of  the  classical  Stefan  problem,  de- 
scribed by  (3.5.1)  under  the  conditions  (3.5.3),  (3.5.4),  (3.7.1)  and  (3.7.2) 
by  the  Leybenzon  method  for  a semirestr icted  rod.  The  temperature  distribu- 
tion in  the  two  zones  is  assumed  to  be  the  following: 

(y  (z,  r)  7\  ( 1 - ) . 

Mz,  t)  T..  erf  -i— 

' ‘lVa\x 


It  is  obvious  that  when  the  value  of  / is  fixed  the  runctions  t^(z,  T),  i = 

■*  1 and  2,  satisfy  both  the  equation  of  thermal  conductivity  and  the  corre- 
sponding boundary  conditions.  It  also  is  obvious  that 


•I, 


As  a result  the  Stefan  condition  in  that  case  will  assume  the  form  (the  upper 
sign  corresponds  to  freezing  and  the  lower  to  thawing) 


V :: ) 


Q*  r. 


(3.7.8) 


A solution  of  equation  (3.5.1)  under  the  condition  J (0)  *=  0 is 


?(*)  P/*. 


(3.7.9) 


where  (i  --  a constant  --  is  a positive  (in  the  physical  sense)  root  of  the 
quadratic  equation  to  which  (3.7.8)  is  reduced  upon  substitution  of  (3.7.9): 
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As  a result, 
freezing  and 


It  is  obvious  that  the  obtained  solution  is  a generalization  of  the  above- 
considered  Stefan  formula.  Therefore,  as  was  to  be  expected,  in  the  particu- 
lar case  at  L ' 0 the  Stefan  formula  (3.7.6)  follows  from  (3.7.10).  At 
1 f 0 the  value  of  is  known  to  be  smaller  than  that  of  cx.  determined  with 

0.7.6).  This  agrees  with  the  physical  picture,  since  at  T^  M movement  of 
the  interface  is  hindered  by  the  flow  of  heat  from  the  lower  zone,  which  is 
a function  of  T^. 

Using  the  Leybenzon  method,  one  can  obtain  analogously  an  approximate  solution 
of  the  problem  of  the  rate  of  freezing  (thawing)  and  the  dynamics  of  the  tem- 
perature field  around  an  infinitely  circular  cylinder,  on  the  walls  of  which 
a constant  temperature  T is  maintained.  This  task  is  of  considerable  interest 
in  the  approximate  calculation  of  the  radius  of  freezing  columns,  basins  of 
thawing  around  underground  pipelines,  etc.  For  simplicity  we  will  examine  the 
case  where  the  temperature  of  the  ground  around  the  cylinder  at  the  initial 
moment  is  equal  to  the  temperature  of  the  start  of  phase  transformations  T . 

As  is  known,  the  dynamics  of  the  temperature  field  around  an  infinite  cylinder 
in  the  axisymmetric  case  (in  that  case  the  temperature  depends  on  only  one 
coordinate  --  the  radius  r)  is  described  by  the  equation 

2 MM  • I ot(r.r)  \ '‘(r-xl_  (3.7.11) 
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if  we  take  into  consideration  the  signs  nf  and  T,  during 
thawing,  we  have 
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in  the  region  r < r < R("c),  where  R(“t)  is  the  radius  of  freezing  (thawing) 
of  the  ground  around  the  cylinder  and  r is  the  cylinder  radius.  It  can 
readily  be  seen  that  in  the  given  case  tRe  Stefan  condition  has  the  same  form 
as  in  the  above-considered  case  of  a rod.  As  in  the  preceding  problem,  we 
wi  1 1 assume  t (r , X ) in  the  following  form 


t(r,' t) 


r,In  — 
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In  that  case  t(r,  T)  satisfies  (3.7.11)  at  R(C)*=  constant,  and  also  the  boun- 
dary conditions  t(r^,  T)  " T^,  t(R(t),  T)  - T^.  The  sought  connection  between 
the  time  T and  the  position  of  the  interface  R(T  ) has  the  form 


where 

F(s)  s-  Ins—  y (s*  — 1). 

The  solution  of  transcendental  equation  (3.7.12)  presents  no  difficulties.  As 
a result,  for  any  specific  cond it  ions , (that  is,  at  given  values  of  r , A,  Q 
and  Tj)  we  obtain  from  (3.7.12)  at  each  fixed  time  of  freezing  (thawing)  the 
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corresponding  value  of  the  basin  of  freezing  (thawing)  ground.  It  can  readily 
be  seen  that  the  use  of  the  obtained  approximate  solution,  because  of  neglect 
of  the  second  phase,  gives  under  specific  conditions  a result  with  some  reserve, 
the  amount  of  which  increases  with  increase  (in  the  absolute  value)  of  the 
initial  temperature  of  the  ground.  Let  us  note  that  in  the  case  of  freezing 
or  thawing  around  a spherical  source  the  problem  is  readiiy  reduced  to  the 
above-considered  problem  for  a rod  with  substitution  of  v = rt(r,  C").  In  that 
case,  however,  the  boundary  conditions  become  proportional  to  the  value  of  r. 

In  practice  in  (3.17.12)  it  is  more  convenient  to  give  R and  find  r. 

C.  V.  S.  Luk'yanov's  Formula  for  Determining  the  Depth  of  Seasonal  Freezing 
(Thawing)  of  Rocks 

An  important  shortcoming  of  the  above-considered  formulas  is  neglect  of  heat 
capacity  in  the  upper  zone.  V.  S.  Luk'yanov  Las  proposed  an  approximate  for- 
mula which  considers  both  the  indicated  factor  and  the  presence  of  spontaneous 
warming  of  the  surface  of  the  ground  (snow  cover  and  various  insulating  cover- 
ings). The  formulation  of  the  problem  in  that  case  differs  from  that  considered 
above  also  by  the  fact  that  the  lower  zone  is  discarded  and  its  influence  is 
replaced  by  the  heat  flux  q from  the  bottom  toward  the  interface.  The  thermal 
insulation  of  the  surface  of  the  ground  is  replaced  by  the  introduction  of  the 
thermal  resistance  of  the  insulation  (without  considering  the  heat  capacity). 

In  that  case  both  the  value  q and  the  thermal  resistance  of  the  insulation 
are  assumed  to  be  constant  during  the  time  interval  under  consideration  and 
equal  to  the  average  values.  In  addition,  taken  into  consideration  is  the 
coefficient  of  heat  transfer  from  the  surface,  assumed  to  be  constant  (equal 
to  20  kcal/m^  x hr  x degree).  In  connection  with  that,  in  the  calculations 
use  is  made  of  the  thickness  of  the  layer  of  ground  S,  in  meters,  the  thermi  1 
resistance  of  which  is  equal  to  the  sum  of  the  thermal  resistances  of  the  in- 
sulation layer  and  heat  transfer  from  the  surface.  The  temperature  distribution 
in  the  upper  zone  is  assumed  to  be  rectilinear  and  the  surface  temperature  to 
be  constant. 

Since  under  those  assumptions  the  problem  is  reduced  to  a transcendental  equa- 
tion, M.  D.  Golovko  prepared  a grid  nomogram  which  makes  it  possible  to  readily 
find  its  solution  with  a precision  adequate  for  practice.  Usually  in  calcula- 
tions with  the  formula  of  V.  S.  Luk'yanov,  in  designating  the  heat  flux  averaged 
for  the  period,  from  the  lower-lying  layers  to  the  Interface,  a map  of  isolines 
compiled  by  the  authors  on  the  basis  of  the  processing  of  long-term  data  for 
a large  territory  of  the  USSR  is  used.  The  procedure  of  calculations  with  that 
formula  was  examined  in  detail  in  the  work  of  V.  S.  Luk'yanov  and  M.  D.  Golovko 
(1957).  In  spite  of  all  the  value  of  the  formula  of  V.  S.  Luk'yanov  and  M. 

D.  Golovko  for  engineering  calculations,  some  indefiniteness  in  the  designation 
of  the  flux  from  below  to  the  interface  is  an  important  shortcoming. 

8.  Solution  of  the  Problem  of  Freezing  and  Thawing  of  Rocks  in  the  Spectrum 
of  Negative  Temperatures 

Because  of  the  dependence  of  the  thermophys ica 1 characteristics  of  the  medium 
on  the  temperature  the  solution  of  that  problem  during  arbitrary  boundary  con- 
ditions encounters  serious  mathematical  difficulties  and  requires  considerable 
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expenditures  of  machine  time.  A widespread  and  very  effective  means  of  in- 
vestigating such  nonlinear  problems  of  mathematical  physics  is  self-modeling 
solutions.  The  latter  are  important  not  so  much  as  particular  solutions  of 
the  class  of  problems  under  consideration  but  mainly  as  an  instrument  for  the 
investigation  of  the  main  regularities  of  the  process,  determination  of  the 
degree  of  influence  of  given  parameters  on  the  procedure  of  solution,  etc. 

A very  simple  self-modeling  solution  of  the  problem  of  freezing  and  thawing  is 
the  above-examined  (section  7.1)  solution  of  the  classical  Stefan  problem. 

In  the  formulation  of  a self-modeling  problem  of  the  Stefan  type  (3.5.8-3.5.11) 
with  consideration  of  phase  transf ormat ions  of  water  in  the  temperature  range, 
as  in  section  5,  the  following  conditions  necessary  for  the  fulfilment  of  self- 
modeling  are  assumed: 

a)  the  examination  is  conducted  on  a homogeneous  semirestr icted  rod  z > 0; 

b)  the  boundary  conditions  are  constant. 

We  will  consider  a self-model ing  solution  of  the  following  problem  of  freezing 
in  the  negative  temperature  range: 
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Here  C(t)  is  the  effective  heat  capacity  of  the  medium,  C (t ) » C^(t)  + F(t), 

C (t)  ^ constants  > 0 is  the  additive  heat  capacity,  F (t ) is  the  intensity  of 
internal  sources  on  account  of  phase  transitions  of  water,  F(t)  0,  ^ (t) 
constant  > 0 is  the  thermal  conductivity  of  the  medium,  where  C(t)  and  A(t) 
are  continuous  and  continuously  diffused  functions  respectively;  T and  are 
constants,  and  T f 0.  At  t > 0 by  virtue  of  F(t)  h 0 we  have  /(t^  - )>  and 
C(t)  ^ C , where  X and  C are  constants  > 0 are  the  characteristics  of  thawed 
ground,  the  upper°sign  on  the  left  side  of  (3.8.3)  corresponds  to  the  case 
where  the  first  phase  is  frozen  and  the  lower  phase  is  the  thawed  phase. 

The  problem  under  consideration  also  has  meaning  at  T^  * 0 if  T * 0 - 0 sgn  T^ 
(in  the  opposite  case  the  Stefan  problem  is  reduced  to  the  equation  of  thermal 
conductivity*).  In  that  case  the  problem  degenerates  into  a single-phase  (one- 
zone)  problem  of  the  Stefan  type  and  its  examination  is  correspondingly  sim- 
plified in  comparison  with  the  case  T f O. 

In  certain  works  (Melamed,  1963;  Bachelis  and  Melamed,  1964)  the  existence  and 
singularity  of  the  self -model ing  solution  (3.8.1)  - (3.8.4)  are  demonstrated, 
such  that 


*sgn  T designates  the  sign  of  T , In  frozen  ground  T <0  and  sgn  T - -1. 

o o o o 
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sun  t (j,  t)  sgn  7 0,  0 <2  <l(t)\ 
sen  t(z,  t)  sgn  Tl.  z~>  £(/). 


The  examination  is  made  separately  for  the  cases  of  thawing  and  freezing. 

As  a result  of  the  investigation,  effective  algorithms  of  numerical  integra- 
tion are  proposed  which  make  it  possible  to  obtain,  with  slight  limitations 
of  the  characteristics  of  the  medium,  a solution  of  the  corresponding  prob- 
lems with  any  prescribed  precision.  It  follows  directly  from  the  singularity 
of  solution  of  the  initial  problem  of  the  Stefan  type  under  consideration 
(3,8.1  - 3.8.4),  demonstrated,  in  particular,  by  F.  P.  Vasil 'yev  (1964),  that 
the  thus-found  se If -mode  1 ing  solution  is  also  the  sought  solution  of  the  sys- 
tem (3.8.1  - 3.8.4)  under  the  given  boundary  conditions.  Similarly  to  sec- 
tion 5 we  seek  the  function  <i>(p)  and  oC  = constant  > 0 such  that  t(z,  T)  = 

0(p),  where  p = TX  " and  also  i (f)  = 'XsT?  are  a solution  of  (3.8.1  - 3.8.4). 
In  that  case  the  system  (3.8.1  - 3.8.4)  assumes  the  form 

.,"(/))  a (<p)  <p':  (p)  ' ’(p)P  0.  ‘P^O. 

.((())  r0.  < f(«)  0,  (3.8.6) 

ij-(oo)  7’,,  (3.8.7) 

).  (0  — 0)  <(/  (u  + 0)  — /.  (0  0)  <p’  (u  ± 0)  ' Qa.  (3.8.8) 

Thus  the  problem  under  consideration  is  reduced  to  a nonlinear  limiting  (in 
the  sense  of  the  condition  for  od)  boundary  problem,  for  the  numerical  integra- 
tion of  which  it  is  necessary  to  investigate  the  asymptotic  behavior  of  the 
integral  curves. 

In  connection  with  the  fact  that  <t>’(p)  undergoes  a discontinuity,  determined 
with  (3.8„3)  during  the  transition  of  <i>  through  zero,  the  procedure  of  solu- 
tion of  (3.8.1)  must  be  examined  separately  at  <t>  < 0 and  $)  •>  0.  In  finding 
the  solution  it  is  necessary  that  only  values  of  4) * (0 ) be  given  which  satisfy 
the  condition 

<f ' (0)  sgn  T0  1 . 


In  considering  the  reverse  function  one  can  readily  be  convinced  that  4>(X)  is 
a monotonlca 1 ly  increasing  continuous  function  of  (<  , An  important  role  is 
played  in  the  investigation  and  solution  of  system  (3.8.5  - 3.8.8)  by  the 
majorant  and  minorant  (3.8.5). 


The  equation  of  the  curve  <1>  (p)  majorizing  (3.8.5)  under  the  conditions  <t>(0) 
- <t>(0),  ?’(0)  - ?'(0)  has  the  form 


ip*  (p)  1 a«p'(p)  b</(i>)p 


0. 


(3  - 9) 


where  a and  b are  constants,  a - max  ^ and  b £ (0,  min  ).  In  the 

^ c (t ) ^ 

case  of  the  minorant  a - min  ~y  , b - max  + ^ and  ^ > 0. 
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Since  (3.8.9)  is  integrated  in  explicit  form  it  is  possible  to  determine 
directly  the  deviation  ttO)  at  which  the  minorant  (majorant)  satisfies  con- 
ditions (3.8.6)  and  (3.8.7).  It  is  obvious  that  the  integral  curve  (3.8.5) 
of  <b(p ) , which  satisfies  6(0)  = T and  6o(0)  = <T(0),  is  known  to  intersect 
the  straight  line  6=1,.  To  fin3  a solution  of  (3.8.5  - 3.8.7)  with  the 
prescribed  precision  It  is  sufficient  to  construct  the  integral  curve 
(3.8.5),  (2.8.6)  and  (3.8.8)  6(p),  satisfying  the  condition* 


This  is  explained  by  the  fact  that  6(p)  at  p>Y(e/2)  does  not  intersect  either 
6 - T or  6 = T + £/2.  Therefore,  since  the  integral  lines  (3.8.5)  at  6 < 0 
and  6 > 0 diverge  with  growth  of  p,  the  sought  solution  is  known  to  differ 
from  6{p)  by  less  than  £/ 2.  In  practice  the  solution  of  (3.8.5  - 3.8.8)  is 
found  with  the  precision  %■  by  changing  the  value  of  x until  the  corresponding 
solution  of  (3.8.5),  (3.8.6)  and  (3.8.8)  does  not  satisfy  the  condition 


The  region  in  which  there  is  the  single  sought  value  of  o<  is  limited  to  the 
points  of  intersection  of  the  majorant  and  minorant  respectively  of  (3.8.5  - 
3.8.8)  with  the  axis  of  abscissas.  In  that  case  if 
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the  value  of  o(  decreases  or  increases  respectively.  The  proposed  algorithm 
for  numerical  integration  is  readily  accomplished  with  any  class  of  electronic 
computer,  and  also  with  continuous  ana  log  computers.  Let  us  note  that  if  we 
find  as  a result  the  solution  of  6 (z/i/^c)  and  (X  with  the  prescribed  precision 
we  obtain  t(z,  X)  and  f ( T)  directly  at  any  values  X > 0 and  z > 0. 


Let  us  note  that  the  algorithm  under  consideration  has  been  used  for  the  gen- 
eral problem  of  hardening,  when  besides  discrete  phase  transformations  at  t = 0 
phase  transformations  occur  continuously  at  all  t f 0.  Such  a problem  is  of 
interest,  for  example,  in  examining  fusion  with  consideration  of  metamorphic 
reactions,  problems  with  recrystallization,  etc.  However,  in  the  case  of 
thawing  and  freezing  of  finely  dispersed  rocks  the  solution  is  simplified  some- 
what, since  at  t ^ 0 equation  (3.8.5)  is  Integrated  in  explicit  form.  This 
applies  especially  to  freezing,  where  a ^uasilinear  equation  of  thermal  con- 
ductivity occurs  in  a limited  region  p £(0,  x).  If  the  simplicity  of  finding 
a self -model lng  solution  of  the  problem  is  taken  into  consideration,  by  means 
of  it  it  is  possible  to  readily  determine  the  different  regularities  of  the 
influence  of  phase  transitions  of  unfrozen  water  on  the  course  of  the  process 
of  freezing  (thawing)  of  finely  dispersed  rocks  and  on  the  basis  of  them  correct 
the  results  of  calculations  of  the  corresponding  Stefan  problem. 

However,  the  obtained  results  of  investigation  of  the  process  of  freezing  and 
thawing  in  the  range  of  negative  temperatures  by  means  of  a self -model ing 


♦Here,  as  above,  the  upper  sign  corresponds  to  freezing  and  the  lower  to  thaw 

lng. 
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problem  do  not  in  any  way  exclude  the  need  to  solve  such  a problem  under 
arbitrary  boundary  conditions.  This  applies  primarily  to  the  case  of  periodic 
temperature  fluctuations  on  the  surface,  since  under  natural  conditions  the 
process  of  freezing  is  replaced  by  the  process  of  thawing.  Such  a sequence, 
in  accordance  with  the  indicated  regularities  of  freezing  and  thawing  in  the 
temperature  range,  in  the  course  of  tire  leads  to  increase  or  divergences  in 
comparison  with  the  solution  of  the  Stefan  problem. 

At  the  present  time  a solution  of  the  quasilinear  Stefan-type  problem  under 
consideration  under  arbitrary  boundary  conditions  and  parameters  of  the  prob- 
lem is  possible  only  with  electronic  computers.  There  is  a considerable  num- 
ber of  different  methods  of  solving  the  unidimensional  problem  of  freezing 
(thawing)  with  consideration  of  phase  transitions  in  the  temperature  range. 

One  of  the  most  effective  algorithms  for  the  solution  of  a quasilinear  problem 
of  the  Stefan  type  is  the  method  of  front  capture  in  a network  grid  (Vasil'- 
yev,  1964).  The  idea  of  it  is  that  by  means  of  iterations  a time  interval  is 
sought  during  which  the  front  is  shifted  under  the  given  conditions  by  one 
step  of  the  three-dimensional  grid.  Unfortunately,  that  algorithm  is  in  prin- 
ciple inapplicable  in  the  case  of  a not  strictly  monotonic  motion  of  the  front 
(in  particular,  when  it  is  in  its  limiting  position),  and  also  in  a multifront 
problem.  The  solution  of  the  latter  problem,  under  the  condition  that  the 
number  of  fronts  is  invariable,  can  be  obtained  by  the  method  of  front  recti- 
fication (Uspenskiy,  1968).  In  that  case  each  zone  in  each  step  in  time  is 
transferred  into  the  segment  (0,  1),  in  connection  with  which  the  thermal  con- 
ductivity equations  are  made  considerably  more  complicated.  Solution  of  the 
multifront  problem  by  smoothing  out  the  coefficients  is  somewhat  more  conven- 
ient. In  that  case  the  discrete  phase  transitions  which  occur  at  the  tempera- 
ture of  the  start  of  freezing  are  "spread"  over  a certain  temperature  range 
(in  that  case  the  Stefan  condition  is  excluded).  In  practice  in  such  an  ap- 
proach the  entire  process  will  be  described  by  a simple  quasilinear  equation 
of  thermal  conductivity  with  complex  coefficients  (substantially  dependent  on 
temperature).  This  leads  to  a need  to  use  iterations,  the  convergence  of 
which  worsens  when  the  fronts  are  brought  closer  together. 

A rather  simple  and  effective  method  of  solving  a quasilinear  task  of  the 
Stefan  type  is  the  method  of  straight  lines  (the  Rote  method)  (Bachelis  and 
Melamed,  1971).  In  that  case  the  investigated  time  interval  is  subdivided 
into  time  layers  with  a definite  step  and  the  derivative  in  time  on  each  layer 
is  replaced  by  a difference  ratio.  As  a result  the  thermal  conductivity  equa- 
tions are  reduced  to  ordinary  differential  equations  with  respect  to  the  co- 
ordinate. In  the  final  account  the  solution  of  the  problem  is  reduced  to  find- 
ing a method  of  tests  of  the  position  of  the  front  in  which  the  Stefan  con- 
dition is  fulfilled  with  the  given  precision.  It  is  essential  that  in  that 
case  the  movement  of  the  Interface  can  be  arbitrary. 

The  considered  algorithms  for  the  solution  of  a unidimensional  problem  of  the 
Stefan  type  are  extended  completely  to  the  case  of  axial  (in  the  case  of  cylin- 
drical bodies)  and  spherical  symmetry. 
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9.  Investigation  of  processes  of  Freezing  With  Consideration  of  Moisture 
Migration 

The  above-considered  methods  of  investigating  the  freezing  of  grounds  within 
the  framework  of  a conductive  problem,  that  is,  by  solving  the  Stefan  problem, 
in  a number  of  cases  prove  to  be  inadequate  for  the  complete  description  of 
the  process.  In  particular,  in  the  investigation  of  freezing  in  moisture- 
saturated  dispersed  rocks  it  is  necessary  simultaneously  with  heat  transfer 
to  examine  mass  transfer  in  connection  with  moisture  migration  toward  the 
front  of  freezing.  In  that  case  the  processes  of  freezing  and  moisture  migra- 
tion are  closely  interconnected. 

Together  with  the  redistribution  of  moisture  during  freezing,  under  certain 
conditions  moisture  migration  can  lead  to  heaving  and  the  formation  within 
the  freezing  ground  of  ice  Interlayers  of  different  thickness,  which  sharply 
complicates  the  solution  of  that  problem  in  comparison  with  the  Stefan  problem. 
The  only  possible  way  to  investigate  freezing  with  consideration  of  moisture 
migration  consists  in  the  simultaneous  solution  of  a system  of  equations  de- 
scribing the  heat  and  mass  transfer  in  the  presence  of  a mobile  interface. 

The  additional  difficulty,  which  substantially  complicates  the  solution  of 
such  a problem,  is  the  fact  that  in  dispersed  media  the  heat  and  mass  transfer 
characteristics  of  the  medium  (in  particular,  the  coefficients  of  thermal  and 
potential  conductivity)  are  sharply  variable  functions  of  the  total  moisture. 
For  example,  the  coefficient  of  potential  conductivity  (dif fusivity)  varies 
by  several  orders  of  magnitude  during  variation  of  the  moisture  within  the 
range  from  the  moisture  of  build-up  to  the  total  moisture  content.  In  addi- 
tion, in  connection  with  the  presence  of  unfrozen  moisture  in  dispersed  media, 
in  calculations,  similarly  as  in  section  8,  it  is  necessary  to  take  into  con- 
sideration the  effective  heat  capacity,  which  depends  substantially  on  the 
temperature  in  accordance  with  the  curve  of  unfrozen  water. 

By  virtue  of  what  has  been  said  above  the  known  approximate  methods  of  cal- 
culating frost  heaving  in  which  the  processes  of  freezing  in  essence  do  not 
depend  on  moisture  migration  and,  in  addition,  all  the  coefficients  given 
are  constant,  are  extremely  approximate. 

1.  Formulation  of  the  Problem  of  Freezing  With  Consideration  of  Moisture 
Migration 

As  has  been  shown  in  a number  of  works  (for  example,  by  G.  A.  Martynov,  1959), 
during  the  freezing  of  finely  dispersed  grounds  moisture  migrates  toward  the 
front  of  ice  formation  mainly  in  the  liquid  phase. 

On  the  basis  of  the  theory  of  transfer  in  colloidal  capillary-porous  bodies 
very  great  development  has  been  obtained  by  the  potential  theory  of  film  and 
capillary  mechanisms  of  moisture  movement,  developed  mainly  in  the  works  of 
A.  V.  Lykov  and  his  school.  According  to  that  theory,  on  the  front  of  ice 
formation  (on  the  side  of  the  thawed  zone,  at  a temperature  of  0 + 0°)  a gra- 
dient of  the  potential  of  film  moisture,  causing  migration,  forms. 
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The  process  of  moisture  migration  in  the  solid  zone,  accomplished  much  more 
slowly  than  in  the  liquid  zone,  has  in  essence  not  been  studied  up  to  now. 

It  is  only  known  that  for  a wide  class  of  grounds  (except  heavy  clays,  perhaps) 
moisture  migration  in  the  frozen  zone  in  open  systems  is  small  in  comparison 
with  mass  transfer  in  the  thawed  ground.  At  the  same  time,  moisture  migration 
in  frozen  ground  mainly  leads  only  to  a redistribution  of  the  ice  content  over 
the  section,  whereas  its  total  quantity  is  determined  by  the  moisture  migration 
from  the  thawed  zone  toward  the  front  of  freezing.  In  connection  with  that, 
in  the  present  work  moisture  migration  in  the  solid  zone  is  excluded  from  con- 
sideration. It  must  be  noted,  however,  that  this  limitation,  which  simplifies 
somewhat  the  technical  difficulties  in  solving  the  problem,  is  not  a principal 
one  when  the  algorithm  proposed  below  is  used  and  involves  only  the  absence  of 
reliable  data  on  mass  transfer  in  the  frozen  zone.  In  addition,  as  usual,  de- 
formation of  the  skeleton  of  the  ground  during  heaving  and  also  the  dependence 
of  the  change  of  physical  characteristics  of  the  medium  on  pressure  are  disre- 
garded. 

At  the  same  time,  together  with  the  above-stated,  sufficiently  substantiated 
assumptions  in  works  devoted  to  quantitative  examination  of  the  process  of 
freezing  with  moisture  migration,  a number  of  assumptions  also  are  made  which 
considerably  simplify  the  solution  but  physically  are  not  completely  justified. 
Thus  it  is  assumed  everywhere  that  the  coefficients  of  heat  and  mass  transfer 
do  not  depend  on  the  moisture  w (a  a rule  they  are  generally  considered  con- 
stant). The  roughness  of  the  indicated  assumption  follows,  in  particular,  from 
the  fact  that  the  coefficient  of  potential  conductivity  increases  by  several 
orders  of  magnitude  during  increase  of  w.  In  addition,  it  is  assumed  that  the 
phase  transformations  occur  completely  on  the  interface.  As  indicated  above 
(section  6)  under  certain  conditions  this  can  be  assumed  in  calculations  of 
the  Stefan  problem  without  moisture  migration.  However,  the  latter  is  impor- 
tant precisely  in  finely  dispersed  grounds,  where  the  phase  transitions  of 
combined  v'ater,  occurring  in  the  range  of  negative  temperatures,  are  consider- 
able. In  the  present  formulation  those  assumptions  are  not  used  because  they 
are  sharply  negative. 

In  connection  with  different  change  of  the  dimensions  of  the  frozen  and  thawed 
zones,  the  motion  of  their  mobile  boundaries  can  conveniently  be  examined  separ- 
ately, assuming  z - 0 as  the  immobile  boundary  and  relating  the  heaving  to  the 
mobile  boundary  of  the  frozen  zone.  Henceforth  we  will  designate  the  coordin- 
ates of  the  mobile  boundaries  of  the  frozen  and  thawed  zones  by  £ (XT ) and 
y (T)  respect ively.  It  is  obvious  that  within  the  framework  of  a unidimensional 
problem  the  process  under  consideration  formally  includes  both  freezing  properly 
speaking  (in  that  case  J ' ( X)  ^ y'(f)  ^ 0)  and  thawing  from  below  (f  ' (X.)  ^ 

< y ' (T)  < 0).  Henceforth  by  freezing  will  be  assumed  only  the  case  y*  ^ 0,  and 
the  case  of  thawing  from  below  will  be  examined  separately.  The  amount  of  heav- 
ing h(T)  which  will  occur  during  freezing,  obviously,  is  equal  to  h(T)  = C(T)  - 

- y (T). 

We  will  examine  first  the  case  where  at  the  initial  moment  X “ 0 f 10)  £ y(0)  > 

> 0 (the  formation  of  the  frozen  zone  in  the  presence  of  moisture  migration 
toward  the  front  of  freezing  will  be  examined  below).  Let  the  first  zone 
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(0  > z > f(r))be  frozen.  During  the  freezing  of  grounds,  as  has  been  shown 
by  G.  A.  Martynov  (1959),  one  can  neglect  the  transfer  of  moisture  under  the 
influence  of  a temperature  gradient  and  the  intensity  of  phase  transformations 
on  account  of  evaporation  and  condensation.  Then  in  the  presence  of  the  above- 
cited  considerations  the  known  system  of  equations  describing  heat  and  mass 
transfer  in  homogeneous  capial layr-porous  media  (Lykov,  1954)  can  be  reduced 
to  the  following  system  of  quasilinear  equations  of  a parabolic  type  (0  < f< 

< I): 
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Here  t(z,  t),  w(z,  t),  C (w)  and  > (w)  are  the  temperature,  moisture  (by  vol- 
ume, in  fractions  of  unity),  heat  capacity  and  heat-transfer  coefficient  in 
the  thawed  zone,  tf(z,T),  w(z,  "t),  C(t,  w)  and  XCt,  w)  are  the  same  in  the 
frozen  zone,  and  K(w)  is  the  coefficient  of  potential  conductivity.  It  is 
obvious  that  w is  the  summary  moisture  (ice  + unfrozen  water). 

On  the  mobile  boundaries  of  the  solid  and  liquid  zones  there  occurs  the  obvious 
condition 

F[i(T),  t|  tI  (-3-9.') 

The  remaining  conditions  on  the  mobile  boundaries  [the  condition  for  (3.9.3) 
and  also  the  condition  analogous  to  (3.5.11)  which  characterizes  the  rate  of 
movement  of  the  mobile  boundaries  and  connects  the  processes  of  heat  and  mass 
transfer],  which  complete  the  given  problem,  as  will  be  shown  below,  vary 
substantially  as  a function  of  the  course  of  the  process. 

2.  Generalized  Condition  of  the  Stefan  Type  on  a Mobile  Boundary  During 
Freezing  With  Moisture  Migration  Toward  the  Front  of  Freezing 

It  is  characteristic  of  the  process  of  freezing  that  the  structure  of  the 
frozen  zone  depends  essentially  on  how  the  correlation  between  §'  (T)and  y'(T) 
varies  in  the  course  of  freezing.  Actually,  let  the  arbiterary  time  interval 
(T,  ),  x >0  and  = At  be  given  and  let  / ^ yCt^  ) > 0.  We  will 

use  Ay  and  AS  to  designate  the  corresponding  movements  of  the  mobile  boun- 
daries and  w to  designate  the  suirmary  moisture  in  the  layer  AS* 

A!i 

Then  during  freezing  with  consideration  of  moisture  migration  in  the  course  of 
At  the  following  conditions  are  possible: 

a)  Ajf  - Ay  > 0.  In  that  case,  in  the  course  of  Ac  heaving  is  absent  (Ah  - 0) 
and,  consequently,  we  have  wA|  < w , where  w is  the  degree  of  saturation  of 
mineral  aggregates  (the  total  molstSre  contend).  In  that  case  a massive  cryoW- 
struature  forms  in  the  process  of  freezing; 
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b)  AS  = Ay  > 0.  Then  the  process  of  hardening  is  accompanied  by  buckling, 
and  because  A y > 0 we  have  1 > w^j-  > w . Within  the  limits  of  the  segment 

Af  form  schlieren  (microlayers)  divided  by  sections  of  the  enclosing  medium, 
the  relative  disposition  of  which  withinA.f  has  not  been  determined  because 
of  averaging  with  respect  to  T . In  practice  in  that  case  a finely  layered 
microsch 1 ieren  cryostructure  forms; 

c)  Ai  >0  and  A y = 0.  In  this  case  a macrolayer  forms  which  fills  the  en- 
tire segment  Af,  and  w^  = 1.  It  is  obvious  that  in  that  case  the  heaving 
will  be  maximal. 

Thus  the  cryogenic  structure  of  the  freezing  zone  can  be  greatly  different, 
depending  on  the  correlation  between  J'  ("C)  and  y'(T). 

In  addition,  if  in  the  course  of  an  arbitrary  fixed  interval  case  "a"  or  "b" 
occurs  (that  is,  y'(T)  > 0),  we  will  call  such  a process  monotonic  freezing 
(in  the  presence  or  absence  of  heaving  respectively),  and  in  case  "c"  -- 
freezing  with  formation  of  an  interlayer.  It  is  obvious  that  during  heat  and 
mass  transfer  under  the  conditions  describing  movement  of  the  mobile  boundary 
of  the  liquid  zone  (in  contrast  with  the  Stefan  problem  in  a "conductive"  prob 
lem)  to  flow  of  moisture  toward  the  front  of  crystallization  must  be  taken 
into  account.  However,  the  mass  transfer  to  z = y(T)and,  consequently,  the 
indicated  "generalized"  Stefan  condition  varies  substantially  as  a function  of 
which  of  the  freezing  processes  take  place.  The  latter  is  connected  with  the 
fact  that  the  behavior  of  w[y(T),  T)  depends  sharply  on  the  type  of  freezing. 
Actually,  the  available  experimental  data  indicate  that  in  case  "a"  (and  also, 
with  sufficient  precision,  in  case  "b")  it  can  be  assumed  that  w(y(T),  T)  = 

= w = constant.  In  that  case  it  is  noted  that  w is  close  to  the  critical 
mass  of  the  absorbed  substance  (that  is,  to  a value  of  the  moisture  content 
below  which  migration  is  practically  impossible.  On  the  basis  of  the  process- 
ing of  the  experimental  data  by  M.  N.  Goldshteyn  (1948),  V.  P.  Titov  (1959) 
proposed  the  following  empirical  expression  for  wq: 

; 0.37  K— 1,5), 

where  w*  is  the  moisture  content  of  the  limit  of  plasticity;  n^  is  the  plas- 
ticity number.  With  respect  to  tenacious  soils,  w surpasses  by  several  per- 
centages the  limit  of  plasticity  or  the  moisture  op  rolling  into  a cord.  It 

is  essential  that  w > w (0). 

o un 

The  constancy  of  w[y(*[),T]  will  be  strictly  substantiated  below  for  case  "q". 
At  the  same  time,  as  will  be  shown,  in  case  "b"  w[y(f),T]  is  determined  by 
the  heat  fluxes  on  the  mobile  boundary  [at  z = i (T ) and  z “ y(T)]and  In  prin- 
ciple must  vary  in  the  process  of  formation  of  a macrolayer.  However,  case 
"b"  is  introduced  purely  formally.  Actually,  in  that  case  the  freezing  is  in 
essence  reduced  to  alternating  cases  of  "a"  and  "b".  Therefore  the  interval 
At,  within  which  case  "b"  occurs,  can,  generally  speaking,  be  broken  down  into 
a finite  number  of  segments  within  which  either  "a"  or  "b"  occurs.  Since  the 
latter  is  known  to  be  smaller  than  AT,  then  in  practice  during  fairly  few  f ixa 
t ions  of  At  in  case  "b"  it  can  be  considered  that  w(y(T),  f)  ci.  w^. 
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Thus  henceforth  during  monotonic  hardenining  we  assume  that 


&y|y(T),  t]  (3.9.5) 

Figure  10.  Schematic  distribution  of 
moisture  content  in  rock  in  the  case 
of  monotonic  freezing,  a - Unfrozen 
water;  b - Ice;  c - Free  water 


The  distribution  of  moisture  in  the  frozen  (solid  line)  and  thawed  states  in 
the  case  of  monotonic  freezing  is  presented  schematically  on  Figure  10.  Dur- 
ing transition  across  the  interface  z = y(t)  the  amount  of  moisture  in  the 
liquid  phase  changes  suddenly  from  w to  w (0);  that  moisture,  being  free 
and  immobile,  crystallizes  in  the  process  of  freezing  just  as  in  an  ordinary 
Stefan  formulation.  At  the  same  time  the  total  moisture  in  the  solid  zone 
also  undergoes  a discontinuity  of  the  first  kind  at  the  point  z = i(  "C) , the 
amount  of  the  jump  being  determined  by  the  influx  of  moisture  migrating  toward 
the  front  of  freezing. 


The  condition  describing,  similarly  to  the  Stefan  condition,  the  rate  of  move- 
ment of  the  mobile  boundaries  of  the  liquid  and  solid  zones  in  the  case  of 
monotonic  hardening  is  readily  obtained  by  compiling  an  equation  of  the  heat 
balance  for  the  elementary  volume  (with  a cross  sectional  area  of  1 x 1).  We 
know  from  (3.9.5)  that  in  connection  with  the  crystallization  of  the  "free" 
immobile  moisture,  in  a unit  of  time  in  the  layer  y'(T)  (in  the  oose  under 
considerat  ion,  f ' (T)  > y'(T)  > 0)  heat  amounting  to  A(t)=/*[w  - w (0)] 

y'(~c)  is  released,  where  fx  is  the  heat  of  freezing  of  1 m^  of  water. Un  In 
connection  with  moisture  migration  toward  the  mobile  boundary  of  the  liquid 

zone  in  accordance  with  (3.9.3)  under  the  condition  (3.9.15),  K(w  )w  ! , , 

O Z j = v (T  ) 

of  water  arrives  and  crystallizes.  In  that  case  a quantity  of  heat  is 
released  which  is  equal  to 


B(x)  \iK(wu) 


w 


ly(t) 


v(t) 


(3  9 6) 


It  can  readily  be  seen  that  the  transfer  of  the  heat  of  moisture  migrating 
toward  the  front  of  crystallization  on  account  of  heat  capacity  is  a small 
value  of  a higher  order  of  magnitude  than  A(f)or  B(f).  To  make  up  the  heat 
balance  A(t)  + B(X’)must  be  equal  to  the  differences  of  the  heat  fluxes  on 
the  mobile  boundaries  of  the  liquid  and  solid  zones 


D(t) 


0i 


it 

0i 


/(<> 


As  a result  we  obtain  a condition  generalizing  the  Stefan  condition, 
determines  the  dynamics  of  the  interfaces  during  monotonic  hardening 


which 


D (t)  — R (t)  A (t). 


(3.9.7) 
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It  is  obvious  that  the  examination  of  the  problem  of  freezing  with  considera- 
tion of  moisture  migration  in  a certain  interval  [f  , "T^]  makes  sense  when  the 
the  following  necessary  conditions  are  fulfilled:  a)  w(z,  C ) w and 

y(T)  ^ z ^ L (the  necessary  condition  for  moisture  migration);  2)  D(T)  > 0 
and  X £ [T , X,]  (the  necessary  condition  for  freezing). 

Under  those  conditions,  for  monotonic  hardening  with  consideration  of  migration 
toward  the  front  of  crystallization  it  is  necessary  and  sufficient  that  during 
the  time  interval  under  consideration  there  be  the  condition 

fill  D(r)  B ( t ) 1>  0 . . ( .8) 

It  is  essential  that  the  formally  introduced  function  F(X)  be  a continuous 
function  of  the  time  and  that  during  monotonic  freezing,  as  follows  from  (3.9.7), 
F(T)  5 A(T). 

The  amount  of  the  total  moisture  in  the  freezing  zone  during  monotonic  freez- 
ing at  T > T is  determined  for  all  values  of  z £-  [f^),  SCC,)]  with  the  cor- 
relation 

vu.  h lV(T\)r'{v|H“,/J(0  (®o  * x\i  (0) y'  (T")l 

(0;;/'  (t*)>  • (v-1)|wh(0)-k'„(01.  i3") 

where  V = constant  > 1 is  the  coefficient  of  volumetric  expansion  during  the 
transition  of  water  into  ice,  and  T*  is  the  moment  of  time  at  which  /(T)  = z 
and  £ ( T^ , '£.,)•  *n  the  Seneral  case,  when  in  the  time  interval  under  consid- 
eration, monotonic  freezing  alternates  with  thawing  from  below,  r*  is  the  root 
of  the  equation 

T. 

\l’(s)ds  z — t(Ti)-  (3.0.10) 

n 

It  is  obvious  that  by  the  moment  "C,  the  boundary  of  the  freezing  zone  can  in- 
tersect the  point  z under  consideration  an  odd  number  of  times.  Therefore  in 
the  general  case  it  is  necessary  to  take  as  the  sought  value  of ~C*  the  largest 
of  the  roots  of  (3.9.10),  which  corresponds  to  the  last  period  of  freezing 
(before  the  moment  T,  under  consideration).  In  (3.9.9)  the  first  term  in  .he 
curly  brackets  characterizes  the  moisture  in  the  solid  phase  (the  ice  content) 
and  the  second,  the  same  in  the  liquid  phase,  and  the  last  term  the  expansion 
during  the  transition  of  the  unfrozen  water  into  ice.  The  rate  of  bulging 
during  monotonic  freezing  is  determined  in  the  course  of  the  process  from  the 
correlat ion 

lvn-'fi(T)-I^n-v^0  ; (v  • - 1)  ti'H  (0)]  y'  (t)  <1>.  <D>0,  (3.9.11) 

'l  l 0.  <1><0. 

Here  the  first  term  in  the  expression  for  characterizes  the  influx  of  mois- 
ture in  connection  with  migration  in  a unit  of  time,  and  the  second  is  the 
amount  of  water  necessary  to  fill  the  pores  In  the  hardening  medium. 
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. Heat  and  Mass  Transfer  in  the  Process  of  Formation  of  an  Ice  Interlayer. 

Rhythmicity  During  Freezing  with  Moisture  Migration 

We  will  now  examine  the  process  of  heat  and  mass  transfer  during  freezing  when 
condition  (3.9.8)  does  not  occur.  By  virtue  of  what  was  said  above,  the  value 
of  B (Tj determined  from  (3.9.6)  is  found  from  a solution  of  (3.9.3)  under  con- 
dition (3.9.5).  Therefore,  when  the  condition  necessary  for  moisture  migration 
is  fulfilled,  B(T)  > 0 at  all  values  of  f (■  (X  , T,).  In  particular,  viola- 
tion of  condition  (3.9.8)  can  occur  in  both  a closed  and  all  the  more  so  in 
an  open  system  in  connection,  for  example,  with  increase  of  B(f)  (since  the 

value  of  w i , x under  condition  (3.9.5)  can  increase  unlimitedly  with  in- 

zlz=y(T) 

crease  of  y'(T))or  decrease  of  D (T ) . 

Let  the  following  occur  at  a certain  value  “C=  £ (T , X, ) 

F{ t)  0;  F'{ t)<0,  (3.9.12) 

and  the  conditions  necessary  for  hardening  and  migration  are  in  general  ful- 
filled. Then,  if  in  the  left  ha  If- neighborhood  £*  F(T)  > 0,  then  condition 
(3.9.12)  means  that  at  X = the  freezing  of  thawed  ground  ceases  and  the 
removal  of  heat  from  the  interface  D(~f)  is  sufficient  only  to  crystallize  the 
moisture  migrating  in  accordance  with  (3.9.3)  under  condition  (3.9.5).  In 
that  case  y'(Cj)  = 0,  whereas  _f'(X  ) = h'(T  ) > 0,  that  is,  the  process  is 
changed  qualitatively.  Thus  upon  fulfilment  of  the  necessary  conditions  of 
freezing  and  migration  the  condition  (3.9.12)  is  necessary  for  the  formation  of 
en  ice  interlayer  to  start  after  monotonic  freezing.  It  can  readily  be  seen 
that  from  physical  considerations  the  condition  F (t ) -^  0 at  T > t is  suf- 
ficient for  the  continuous  formation  of  an  ice  interlayer.  In  that  case  con- 
dition (3.9.5),  generally  speaking,  does  not  occur.  In  particular,  (3.9.5) 
is  known  not  to  be  fulfilled  at  F(X)  < 0.  Actually,  as  is  known  from  num- 

erous experiments,  at  D(T)^  0 the  existence  of  a layer  of  water  in  the  thawed 
zone  near  the  mobile  boundary  z = y(X)  is  excluded.  However,  if  (3.9.5)  oc- 
curred at  F(X)  < 0,  then  in  accordance  with  (3.9.7)  the  moisture  migration 
toward  z = y(x)  would  exceed  the  amount  which  oould  be  crystallized  at  the 
given  C(T)  < 0.  In  connection  with  that  w[y(T)  t]  constant  at  F(T)  < 0 
and  varies,  assuring  self -regula t ion  of  the  flow  of  moisture  toward  z = y(X), 
so  that  at  the  given  D(r)  the  inflow  of  moisture  can  be  completely  crystal- 
1 ized: 

/C  (tw)  I^D  H 'O(t).  (3.9.13) 


Let  us  note  that  B(T),  determined  from  (3.9.6)  under  the  condition  (3.9.5), 
in  the  case  of  a macrolayer  is  calculated  formally  and  plays  a purely  auxil- 
iary role  --  in  finding  the  sign  of  F(T).  In  addition,  the  value  of  dwj 


entering  B(T)  at  F('C)  < 0,  majorizes  the  actual  3z 


■y(f) 


at  w | . 

lz=y(T)  o 

moisture  gradient  at  the  point  y(f).  It  is  obvious  that  in  that  case,  because 
y ' (-C ) - 0,  w , - 1,  whereas  the  moisture  migration  toward  z - y(~T) 

I Z m J V • / 

varies  as  a function  of  the  value  of  D("X)  in  accordance  with  (3.9.13).  When 

D('*T)  is  reduced  to  zero  w|  , . Increases  until  in  6he  right  ha  If -neighborhood 

lz-y(T) 
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z = y(T)  the  moisture  distribution  becomes  gradient  less*.  During  subsequent 
increase  of  D CO  , by  virtue  of  (3.9.13),  w(y(r),T)  again  decreases  until 
the  value  w is  achieved  at  a certain  value  T '>  O is  reached.  In  that  case, 
obviously,  °F(t)  = 0,  that  is,  D("tT)=  BCf)..  If  F'(f)>  0,  then  in  a cer- 
tain right  half-circle  ~C  (3.9.5)  again  occurs  and  monotonic  freezing  starts. 
At  the  same  time,  in  the  process  of  formation  of  the  ice  interlayer  the  thawed 
ground  near  the  mobile  interface  is  dried.  In  connection  with  that,  in  closed 
systems  for  which  the  indicated  circumstance  is  very  characteristic,  monotonic 
freezing  after  an  interlayer,  as  a rule,  leads  to  the  formation  of  ground  con- 
taining little  ice. 


Freezing  from  the  surface  is  described  similarly  if  at  the  moment  of  the  tem- 
perature inversion  wj  „ > w . In  that  case,  as  in  that  examined  earlier, 

I z=0  o ’ ’ 

the  well-known  fact  of  ice  accumulation  near  the  surface  of  moisture-saturated 
ground  during  gradual  cooling  is  readily  substantiated. 


If  at  T(  T",  f*]  the  conditions  necessary  for  freezing  with  migration  are  ful- 
filled but  (3.9.8)  does  not  occur,  then  the  thickness  of  the  macrolayer  form- 
ing in  that  case  is  determined  from  the  correlation 


I!  v f D(s)ds.  (3.9.14) 

The  above-applied  approach  to  investigation  of  the  interaction  of  the  tempera- 
ture and  moisture  fields  during  the  freezing  of  finely  dispersed  grounds  has 
the  direct  result  that  the  motion  of  the  Interface  occurs  differently  and  the 
distribution  of  the  total  moisture  over  the  profile  of  the  frozen  zone  has  an 
osc i 1 lat iona 1 character.  The  examination  of  this  phenomenon,  typical  during 
freezing  with  migration,  we  will  conduct  upon  certain  assumptions  natural  for 
finely  dispersed  grounds  regarding  the  coefficients  of  thermal  and  potential 
conductivity  and  the  curve  of  the  unfrozen  water: 


>0,  A’’  («■')>  1 npi 


(0  0 npH  t <;0;  wH  (0)  >0. 


Actually,  let  D(T)at  any  moment  T so  exceed  B(T)that  within  the  limits  of 
some  selected  value  of  D(T)  there  is  an  intensive  advance  of  the  fronts  of 
the  frozen  and  thawed  zones  with  the  formation  of  a low-ice  layer  /lf(Aj  - Ay) 
By  virtue  of  w'  (0)  > 0 the  effective  heat  capacity  in  a certain  left  half- 
neighborhood T = 0 is  essentially  an  increasing  function  of  temperature  and, 
consequently,  the  layer  A£  has  considerable  thermal  inertia.  Therefore  during 
the  indicated  increase  of  the  frozen  zone,  regardless  of  the  boundary  condi- 
tions (under  the  condition  of  their  smoothness)  D(r  +At)  < D("C).  At  the  same 
time,  since  K(w)  is  a sharply  increasing  function  of  w at  w f [w  , w ],  where 
K(w  ) is  relatively  small  (~10-^  - 10"**  m^/hr),  the  corresponding  reduction 
of  ?he  thawed  zone  in  the  course  of  At  causes  a strong  local  disturbance  of 
the  moisture  field  near  z - y(t  + At).  Hence  in  the  case  under  consideration 
we  have 


*This  explains,  for  example,  intensive  ice  accumulation  on  the  base  of  a layer 

of  seasonal  freezing  in  sufficiently  moistened  soils. 
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y'CT+Af)  < y'(T).  In  particu- 
lar, in  that  case  F(t+Af)  < 0 is  possible  and,  consequently,  the  formation 
of  an  ice  interlayer. 

Thus,  after  rapid  freezing  (with  formation  of  a low-ice  layer  of  frozen  ground) 
the  freezing  rate  is  slowed  down,  whereas  the  ice  content  increases  correspond- 
ingly. If  it  is  taken  into  consideration  that  the  thermal  conductivity  of  the 
frozen  ground  is  a non-decreasing  function  of  the  total  moisture,  that  decel- 
eration of  freezing  under  the  given  conditions  has  the  result  that  F (tT + 2&X)  > 
> F (t  + &z).  As  a result,  after  deceleration  the  freezing  rate  is  again  in- 
tensified (in  that  case  the  ice  accumulation  decreases),  etc.  It  must  be  noted 
that  the  very  fact  of  rhythmicity  in  ice  accumulation  occurs  independently  of 
the  selection  of  AX,  whereas  the  quantitative  aspect  of  the  question  evidently 
depends  to  a certain  degree  on  the  size  of  A'T’.  In  addition,  the  oscillating 
character  of  the  cryogenic  structure  of  the  freezing  layer  does  not  distort 
the  general  tendency  toward  variation  of  the  ice  content  over  the  profile, 
which  is  determined  by  the  specific  boundary  conditions.  The  noted  rhythmicity 
during  freezing  is  manifested  in  essence  in  fluctuations  of  the  ice  content 
values  around  a certain  smooth  curve  which  reflects  on  the  average  the  above- 
indicated  general  course  of  change  of  the  ice  content  with  depth. 

Thus  the  conducted  examination  of  the  interaction  of  the  temperature  and  mois- 
ture fields  agrees  qualitatively  with  the  known  theory  of  rhythmic  formation 
of  ice  layers,  which  describes  the  mechanism  of  cyclic  formation  of  ice  len- 
ses, starting  with  the  formation  of  crystallization  nuclei. 

I 

In  the  mathematics.  formulation  cjf  the  two-phase  problem  under  consideration 
it  is  necessary  to  indicate  the  time  interval  T^  during  which  the  given  problem 
has  meaning  under  the  two-phase  initial  condition  (that  is,  there  is  no  forma- 
tion of  a new  front  from  the  surface  or  disappearance  of  a zone).  We  will  ex- 
amine the  boundary  conditions  in  the  very  general  form 

q[0,x,t(0,x)\,  i 

If  at  the  initial  moment  the  first  zone  is  frozen,  then  q-  -S-  0 and  qT,  -4s  0 is 
a physically  sufficient  condition  that  a new  front  is  not  forming  from  the 
surface,  and  also  that  the  values  of  t*(0,  T)  and  t*(l,  T) , which  are  the  roots 
of  the  equations  q - 0 and  q - 0 respectively  (the  physical  meaning  of  the 
roots  is  the  ambient  temperature),  must  be  smaller  and  larger  than  zero  re- 
spectively. The  requirements  imposed  on  the  signs  of  the  ambient  temperature 
are  evident.  As  for  the  conditions  q-  ^ 0 and  q’  < 0,  they  designate  that 
with  elevation  of  the  temperature  on  Bhe  upper  tboundary  the  outflow  of  heat 
into  the  environment  also  Increases  (on  the  limnoblle  boundary  of  the  thawed 
zone  --  the  reverse),  which  excludes  the  possibility  of  inversion  of  sign  of 
t(0,  T)  and  t(l,  T)  respectively.  If  the  first  zone  is  the  thawed  zone,  how- 
ever, it  is  sufficient  to  require  that  q ^ 0 and  q^  0 and  the  roots  q “ 0 
have  opposite  signs  to  those  considered  above. 


. :-  U.  T 


that  is , F ( 1 + Ar)  < F(T)  and,  consequently. 


At) 


> 


,,t  A;) 
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Disappearance  of  the  zone  means  that  y(i)=  0 or  y(T)  = X.  In  that  case,  if 
0 < O <-  y(0)  *■  ft  < X,  there  exists  a finite  time,  determined  by  the  boundary 
conditions,  in  the  course  of  which  the  front  is  known  not  to  emerge  on  the 
mobile  boundaries.  If  that  time  is  smaller  than  the  given  integration  inter- 
val, then,  by  solving  the  problem  in  the  course  of  the  indicated  time  interval 
and  making  a decision  by  the  end  of  it  in  accordance  with  the  initial  condi- 
tion, it  is  possible  to  continue  the  solution  until  y(T)  (within  the  limits 
of  the  given  precision)  does  not  emerge  beyond  the  boundary  of  the  region  un- 
der consideration.  After  that  the  problem  is  considerably  simplified  and  re- 
duced to  the  solution  of  equations  of  thermal  conductivity  and  moisture  dif- 
fusion in  all  the  region  under  consideration. 

If  the  above-considered  cases  of  monotonic  freezing  and  the  formation  of  a 
macrolayer  are  combined,  the  problem  of  freezing  with  consideration  of  mi- 
gration can  be  presented  in  the  following  form.  It  is  necessary  to  determine 
the  distribution  of  temperatures  t (z , "T)  and  t(z,  Z)  respectively  in  the  frozen 
(0  < z <i("C))  and  the  solid  zone  (y  (T ) < z < X),  of  moisture  w(z,  r)  in  the 
thawed  zone,  and  also  the  velocity  of  advance  of  the  boundaries  of  those  zones 
?(r)  and  y(T  ) and,  consequently,  the  heaving  h(T)=  $ (T)  - y(T),  satisfying 
the  system  (3.9.1  - 3.9.4)  under  arbitrary  (with  consideration  of  what  was  said 
above)  initial  and  boundary  conditions  on  the  mobile  boundaries. 


In  that  case  the  ice  content  form.ng  on  the  front  of  freezing  is  described 
the  expression 


wU(T).  Tl 


fi  'v/:  (t)  v[..  U',|  (0)1  </  (T|  w 

V ill 


where 


j B(x),  ec.m  /l(x)>  /j(t), 
1 A(x),  ec.iit  0 - 


by 


The  heaving  rate  is  determined  in  the  process  of  solution  with  the  formula 

h'  (t)  (t  ( i),  t)  E'  (t)  — u\,y'  (t)  -r  j»(i(T).  t)  V (x)  — w„y  (tV  (3.9.16) 

The  conditions  on  the  mobile  boundaries  under  the  freezing  conditions  under 
consideration  are  combined  in  the  form 

ak(u)w'  |y„)  ; bw(y(x),x)  x(t),  (3.9  1 7) 

where  a = 0,  b = 1,  X “ w at  A(C)  > B(tt)  (monotonic  freezing),  and  a = 1, 
b ■ 0 and  )(  - ) at°0  < A(T)  <B(c)  (formation  of  an  ice  layer). 


The  rate  of  advance  of  the  boundaries  of  the  frozen  and  thawed  zones  is  deter- 
mined from  the  correlations 


V(  t) 
</'  (*) 


( y'CO  /:'  h),  ec.ni  A{x)>B{x), 

I /»' (t),  ec.m  0 < A (x)  < B (t). 

0(x)]p  ec.m  (x)>-  B (x), 

0,  ec.'iii  0</l(t)<S(t). 


(3.9.18) 

(3.9.19) 


The  problem  under  consideration  obviously  is  of  interest  in  the  case  where 
w(z,  0)  > w and  z (■  (y(0),  X)  and  there  is  no  flow  of  moisture  out  through 


86 


the  lower 
w(z,  r) 


boundary,  that  is,  K(w)  V1  i , _ -2-  0. 

V T * (0’  V and  Irly(-C)  > 0 and* 


In  that  case  from  (3,9,13) 
consequently,  B(T)  >0  and 


*C  6 [0,  T ] under  any  freezing  conditions.  In  addition,  it  follows  directly 
from  (3.9.1 5 ) , (3.9.18)  and  (3.9.19)  that  v(«n  - «un(0))  + «un(0)  < w(z,  T)  < 

< 1 and  z (-  [0,  £ (t)],  that  is,  the  total  moisture  of  the  frozen  zone  during 
monotonic  freezing  satisfies  the  condition  w(z,  X ) k (w(  , 1]. 


The  application  of  known  methods  of  solving  the  Stefan  problem  (the  method  of 
capturing  the  front  in  a network  grid,  of  smoothing  of  coefficients  and  of 
straightening  of  fronts)  presents  considerable  difficulties  in  the  solution 
of  the  "systems"  problem  under  consideration. 


At  the  same  time,  a solution  of  the  indicated  problem  under  arbitrary  boundary 
conditions  with  consideration  of  heaving  and  the  formation  of  ice  layers  can 
be  obtained  with  sufficient  precision  by  the  straight-line  method  (the  Rote 
scheme),  which  has  been  recently  proposed  and  substantiated  as  an  algorithm 
for  the  solution  of  quasi  linear  problems  of  the  Stefan  type  (Bachelis  and 
Melamed,  1972).  In  accordance  with  that  method  the  time  interval  in  the  course 
of  which  the  process  is  examined  (upon  the  condition  that  the  number  of  phases 
does  not  change)  is  broken  down  into  N layers  with  a step  in  timeAc,  in  each 
of  which  the  time  derivative  is  replaced  by  a difference  ratio.  In  that  case 
on  each  time  layer  (at  the  time  X = nAf,  n = 1,  2,  ...,  N)  the  equations  (3.9.1- 
3.9.3)  and  (3.9.15-3.9.17)  are  reduced  to  ordinary  differential  equations  in 
relation  to  the  functions  t (z),  t (z)  and  w (z),  which  are  approximate  values 
of  the  functions  t(z,  r),  t^z,  x)  and  w (z,  £)  respectively.  The  position  of 
the  boundary  on  the  new  time  layer  y and  J is  found  by  solving  the  transcen- 
dental equation  into  which  (3.9.18)  and  ('(3^9.19)  turn. 


In  accordance  with  the  principle  of  the  maximum,  for  a problem  of  the  Stefan 
type  the  values  of  the  heat  fluxes  within  the  region  ^ t'(z),  z ( (0,  f ], 
>t^(z)  and  z (-  [y  , Z)  are  limited  by  the  values  of  the  heat  flaxes  on  the 
boundaries,  and  a?so  at  the  initial  moment.  It  follows  from  thi:  * that  in  the 
problem  under  consideration  of  heat  and  mass  transfer  during  freezing  during 
the  transition  from  one  time  layer  to  another  it  is  possible  to  indicate  an 
interval  with  respect  to  z with  its  center  at  the  point  y (on  the  preceding 
layer),  within  which  on  the  given  time  layer  a single  positive  root  of  the 
equation  (3.9.18)  or  (3.9.19)  must  be  found.  At  a fixed  value  of  y , partial 
solutions  are  readily  found  by  means  of  trial  runs,  after  which  the  values  of 
the  fluxes  of  heat  and  moisture  at  the  points  y ,and  j are  determined  with 
the  given  precision  by  known  methods  of  numerical  differentiation,  that  is, 
the  values  of  A(t  ) and  B (f  ).  If  it  is  taken  into  consideration  that  in  the 
given  problem  the  requirements  for  precision  of  calculation  of  the  heat  and 
moisture  fluxes  on  the  Interface  must  be  extremely  high,  it  is  advisable  to 
calculate  them  by  means  of  the  method  of  "interpolating  conjugation."  The 


*It  is  obvious  that  moisture  migration  toward  the  freezing  front  leads  to 
curtailment  of  the  interval  determined  by  the  thermal  problem  because  B<£t)  > 0. 
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latter  assures  approximation,  very  "smooth"  in  the  sense  of  a minimum  of  line- 
arized mean-square  curvature  of  the  first  derivative  function,  given  in  a table. 

As  a result,  at  sufficiently  small  values  of  AT  the  method  of  straight  lines 
makes  it  possible  to  determine  with  the  prescribed  precision  the  movement  of 
the  upper  boundary  of  the  thawed  zone  and  also,  with  consideration  of  heav- 
ing, of  the  upper  boundary  of  the  frozen  zone.  That  algorithm,  being  rather 
simple,  makes  it  possible  during  pr.ctically  any  limitations  imposed  on  the 
boundary  conditions  and  parameters  of  the  problem  to  solve  the  "systems"  prob- 
lem under  consideration  with  consideration  of  phase  transitions  in  the  range 
of  negative  temperatures,  insulation  on  the  surface,  heterogeneity  of  the 
ground,  etc.  Starting  from  the  algorithm  for  numerical  integration,  during 
freezing  the  ice  content  is  found  as  the  average  in  the  course  of  a step  in 
time  (from  this  also  follows  heaving  during  monotonic  freezing),  since  with 
difference  methods  it  is  not  possible  to  determine  small  ice  layers  so  much 
as  is  desired.  In  the  nonlinear  case,  when  the  heat  and  mass  transfer  char- 
acteristics depend  substantially  on  the  temperature  and  humidity  (which  them- 
selves must  be  determined  in  the  process  of  sdlving  the  problem),  the  method 
of  iterations  must  be  used.  This  applies  especially  to  the  finding  of  the 
moisture  in  the  thawed  zone.  Let  us  note  that  in  that  case,  instead  of  partial 
solutions,  solution  of  boundary-value  problems  for  nonlinear  ordinary  differ- 
ential equations  in  the  corresponding  zones  can  prove  to  be  more  effective. 

In  the  multifront  case,  when  there  is  a stratification  of  thawed  and  frozen 
rocks,  the  problem  is  examined  similarly.  In  that  case,  in  the  process  of 
thawing  from  the  surface  it  is  necessary  for  the  flow  of  moisture,  determined 
by  its  evaporation,  to  be  given  as  the  upper  boundary  condition  for  the  equa- 
tion of  moisture  conductivity.  In  internal  thawed  zones,  however,  bounded  on 
both  sides  by  frozen  layers,  the  condition  of  insulation  of  the  moisture  is 
given  as  t.ie  boundary  condition  during  freezing.  In  essence  the  only  compli- 
cation of  the  solution  of  the  problem  in  the  multiphase  case  is  the  fact  that 
the  values  of  y and  J are  found  in  each  time  layer  as  a result  of  solution 
of  a system  of  transcendental  equations  to  which  expressions  of  the  type  of 
(3.9.18)  and  (3.9.19)  are  reduced  for  each  of  the  mobile  fronts. 

The  above-considered  algorithm  is  valid  provided  that  within  the  integration 
interval  the  number  of  zones  remains  unchanged,  their  dimensions  leing  suf- 
ficiently large  for  the  use  of  numerical  methods  of  the  equations  of  thermal 
and  moisture  conductivity.  But  if  the  zone  disappears  or  forms  from  the  sur- 
face, certain  natural  simplif ications  must  be  introduced.  It  is  obvious, 
for  example,  that  when  the  mobile  interfaces  are  brought  closer  together  in 
the  process  of  bilateral  freezing  of  an  internal  thawed  layer  the  values  of 
the  flows  of  heat  and  moisture  from  the  disappearing  zone  toward  the  boundaries 
become  negligibly  small. 

Comparison  of  the  results  of  calculations  in  accordance  with  the  indicated 
algorithm  with  the  corresponding  seif -model ing  solution  (sections  8 and  13 
of  this  chapter)  has  shown  that  the  proposed  procedure  assures  obtaining  a 
solution  with  a sufficiently  high  degree  of  precision. 
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. A Very  Simple  Self-Model ing  Solution  of  the  Problem  of  Freezing  With 
Moisture  Migration  (Without  Consideration  of  Heaving  and  the  Formation 
of  Ice  Layers) 

The  above- indicated  difficulties  in  solving  the  problem  of  the  freezing  of 
moisture-saturated  finely  dispersed  rocks  in  a general  formulation  unavoid- 
ably led  to  an  examination  of  self-modeling  solutions.  Various  approaches 
to  the  finding  of  self-modeling  solutions  of  the  given  problem  and  the  evalu- 
ation of  their  applicability  (primarily  of  a very  simple  problem  very  wide- 
spread in  frost  studies)  for  investigating  the  problem  as  a whole  will  be 
described  in  detail  below.  Here  we  will  note  once  more  that,  in  spite  of 
all  the  effectiveness  of  self-modeling  solutions,  their  use  in  the  investi- 
gation of  complex  natural  phenomena  is  possible  only  when  a very  large  num- 
ber of  factors  is  taken  into  consideration  and  in  that  connection  extreme 
caution  is  required.  This  applies  especially  to  the  conjugated  problem  under 
consideration,  since  the  coarsening  of  given  elements  in  the  formulation  of 
the  problem  (in  particular,  neglect  of  heaving  in  the  equation  for  the  frozen 
zone  in  the  very  simple  self-modeling  solution,  linearization  of  the  corre- 
sponding equations  as  a result  of  averaging  of  the  heat  and  moisture  exchange 
characteristics,  etc)  inevitably  leads  to  distortion  of  the  entire  picture. 


We  will  examine  the  following  Stefan-type  problem  on  a half-line  for  a system 
of  two  quasilinear  parabolic  equations,  to  which  under  constant  boundary  con- 
ditions the  above-described  problem  of  thermal  and  mass  transfer  is  reduced 
in  the  case  of  monotonic  freezing  without  heaving.  It  is  required  to  find 
the  functions  (z,  T ) and  $ ( r)  sat isf y ing  the  equations: 
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(3.10.2) 
(3.10  3) 


Ql'  (t),  (t)>0,  (3.10.1) 


under  the  boundary  conditions  t(0,  t)  - T(i  = constant  < t , t(z,  0)  » T - 

- constant  > t(),  w(z,  0)  - w^  “ constant  ^ w()  > w*(t  ),  z > 0 and  f (0)  * 0. 

Here  M(t,  w)  - K(w)  at  t > tQ' and  M(t,  w)  * 0 at  t < t , and  A(t,  w),  K(w), 

C(t,  w)  and  w*(t)  are  continuous  functions  of  their  own  arguments,  excepting 
t - t , where  X and  C experience  a discontinuity  of  the  first  kind:  A(s,  >, 
K(s)  and  w*(s)  are  continuously  differentiable,  A £ constant  > 0,  K > con- 
stant > 0,  C ^ constant  > 0,  w*  s>  constant  ^ 0.  At  t > t we  have  C (t , w 

- C , X(t,  w)  = A , where  X .and  C --  constant  > 0,  w*(t)  aw  (t ) 

o’  ’ o o o ’ un 
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We  will  prove  below  the  existence  of  a solution  of  the  system  (3.10.1-3.10.4) 
satisfying  the  above- ind icated  conditions,  such  that  t(z,  T)  < t , 0 < z < 

<f  (T),  t(z,  T)  > t and  z > $ (T  ).  On  the  basis  of  a conducte8  investiga- 
tion an  algorithm  will  be  proposed  for  finding  a solution  of  the  problem 
under  consideration  with  any  prescribed  degree  of  precision. 

Since  M(t,  w)  “ 0 at  t < t (moisture  migration  in  the  frozen  zone  is  not 
considered),  then  at  0 < z°<  equation  (3.10.2)  degenerates.  Since  in 

the  given  case  it  is  assumed  that  the  freezing  occurs  without  heaving,  the 
total  moisture  at  each  point  of  the  frozen  zone  in  accordance  with  (3.10.6) 
and  (3.10.9)  is  written  in  the  form 


»(z.  t)  v 


| K (w0) 


diu  I 

0:  U i(f)+0 


IV  (f)l 


<<<„. 


W,  -»*(()]  ' -•*  (V  1). 


where  Z*  f (0,  T)  also  is  determined  from  the  correlation  z - /(T).  The 
existence  of  a single  T*  **  T*(z)  for  each  z (■  (0,  ^ (f) ) follows  from  the 
fact  that,  as  will  be  shown  below,  under  the  adopted  boundary  conditions 
{'(  r)  > 0 at  all  values  of  T>  0. 

As  before,  it  can  be  assumed  without  limitation  of  generality  that  t ” 0. 

It  is  obvious  that  at  w^  « w^  the  problem  (3.10,1-3.10.4)  is  reduced  to  a 
generalized  classical  Stefan  problem  (Section  8). 

We  will  briefly  examine  the  course  of  proof  of  the  existence  and  singularity 
of  the  self -model ing  solution  of  system  (3.10.1-3.10.4)  at  w^  > wo»  and  also 
indicate  an  algorithm  which  makes  it  possible  to  obtain  that  solution  with 
any  prescribed  degree  of  precision.  In  that  case  the  existence  and  singu- 
larity of  the  se If xinodel ing  solution  is  assured  only  when  certain  additional 
limitations  are  imposed  on  the  thermophysical  characteristics  of  the  medium, 
limitations  connected  with  the  dependence  of  the  latter  on  the  total  moisture 
in  the  frozen  zone.  It  must  be  emphasized,  however,  that  those  requirements, 
which  naturally  arise  from  the  interaction  of  the  temperature  and  moisture 
fields,  as  will  be  shown  below,  are  realized  practically  everywhere. 

Similarly  to  section  8,  we  will  seek  tl\e  functions  <t> (p ) . "4*’ (p ) and  0(  - con- 
stant > 0 such  that  t - <J>(p)*  w “S'  (p)»  where  p - zf^‘,  and  also  5 (T)  “ 
-*/t  are  a solution  of  (3.10.1)  and  (3.10.2)  under  conditions  (3.10.3)  and 
(3.10.4),  In  that  case  (3.10.1)  is  reduced  to  a nonlinear  second-order 
ordinary  differential  equation  in  relation  to  4>(p)  for  [0,  od]  with  a "joined" 
solution  at  <t>  - 0 in  accordance  with  (3.10.4). 

The  total  moisture  in  the  frozen  zone  w (z,  t],  t < 0 is  transformed  into  the 
form 

(p)  v (a  0)  a-1 -i  (0)]  (0)  |- 

l»*(0)  — u>-(<p)[(v—  H-),  <p  <0. 


It  is  obvious  that  N(*f,  ^))  can  be  presented  in  the  form  N(K,  <fc)  “ n(0  + H (j>  \ 
where  n(*$  - N (<X,  0),  I(4>)  - [w*(0)  - w*(<t»]  (v  - 1). 


Thus  in  the  self-modeling  case  at  4 ^ 0 we  have  /\  (<t> , ) s \[<i>,  n]  and 

C(<J>,Y)  - C[d>,  n],  where  n - n(o<)  is  a parameter.  If  we  substitute  t - <J>(p) 
in  (3.10.1)  we  obtain 

<{.'  rjcp,  n(a)j<p'J  g [q>,  n(a)|<p'p  0,  <f<0,  (3.10.5) 

<f  ; g„<p'p  0,  «p >0,  ' (3.10.6* 

where  r((j),  n)  - (In  X (<t>,  n))^,  g(<t>,  n)  - C (<t> . n)/lX  (6 , n)  and  gR  - Co/2Ao, 

where  g(d>,  n)  ^ constant  < 0 and  g^  > constant  > 0, 

In  that  case  the  boundary  conditions  for  (3.10.1)  will  assume  the  form 

ff (0)  r#< o,  .j  (=«)  = r, >o,  <f (u)  o.  (3.10.7) 

Demonstrated  in  the  work  of  Melamed  (1969)  was  the  existence  of  a solution  01 

(3.10.5)  - (3.10.7)  satisfying  the  conditions  <t>(p)  < 0,  0 < p < £*>,  6(p)  > 0 

p > tk  . In  that  case  equations  (3.10.5)  and  (3.10.6)  occur  at  0 < p and  p > 

respectively  and  equation  (3.10.2)  is  reduced  to  a nonlinear  second-order  or- 
dinary differential  equation  in  relation  to  <t(p)  for  [oC,  ®].  If  we  substitute 
w “ t” (p ) in  (3.10.2)  we  obtain 

\J>"  --  a (\f) 0.  P>a<  (3.10.8) 

where  *Ok)  - K‘ OJ'"  )K_1  0^ ) , b(^)  - [2K(^)]‘l,  where  b(M')  ^ bQ  > 0 at'lf> 

^ w • The  boundary  conditions  for  (3.10,2)  will  assume  the  form 
o 

^(u)  K.#,  <j(oc)  (3.10.9) 

At  lj>  f 0,  as  has  been  pointed  out,  (2.10.5)  and  (3.10.6)  have  continuous  co- 
efficients and  the  solution  must  be  continuous  together  with  the  first  and 
second  derivatives.  At  <j>  - 0 the  coefficients  of  (3.10,5)  and  (3.10.6)  lose 
discontinuity  of  type  I,  the  solution  must  be  continuous,  and  <t>’(p)  in  accord- 
ance with  (3.10.4)  has  a discontinuity  of  the  first  kind,  determined  with  the 
correlation 

>.(0  — 0.  ,i)q/(a  -0)- /y<>'(a  . 0) -p/((w0)  V (a)  = 

(3.10.10) 

In  connection  with  the  need  to  fasten  together  the  solution  of  (3.10.5)  and 

(3.10.6)  (at  < 0 and  <t>  > 0),  which,  as  was  pbiwted  out  above  (section  8), 
is  possible  only  under  certain  conditions,  and  also  with  the  fact  that  the 
value  of  n and,  consequently,  of  the  coefficient  of  (3.10.5)  are  determined 
by  the  flow  of  moisture,  that  ls,"^  JM»  at  first  it  is  necessary  to  examine 
the  behavior  of  the  Integral  curves  of  (3.10.8).  The  investigation  of  (3.10.8) 
and  construction  of  an  algorithm  for  its  solution  with  the  prescribed  precision 
are  carried  out  similarly  to  the  examination  of  equation  (3.8.1)  at  < 0 in 
the  case  of  freezing  in  the  range  of  temperatures. 

For  transition  to  the  thermal  part  of  the  problem,  in  connection  with  the  d^ 
pendence  of  the  thermophysical  characteristics  in  the  frozen  zone  on  the  total 
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moisture  N(#i,  b)  it  is  necessary  to  examine  in  advance  the  connection  between 
the  ice  content  and  the  freezing  rate.  As  a result  of  examination  of  the  be- 
havior of 'H/ ' («  )«"1  it  was  demonstrated  (Melamed,  1969)  that  n(oO  is  a 
strictly  monotonically  decreasing  function  of £X , from  which  follows  the  con- 
tinuity of  * (OC  ). 

If  we  now  examine  the  integral  curves  (3.10.5)  - (3.10.7)  similarly  as  in  sec- 
tion 8 we  arrive  at  the  following  theorem. 

Theorem.  Let  1)  (<t> , n)  & constant  > 0,  C(0,  n)  i>  constant  > 0 and  K(40 

constant  > 0; 

2)  X,  C and  K be  continuous  functions  of  their  own  arguments,  A and  K being 
continuously  differentiable; 

3)  X (0-0,  n)  is  non-decreasing  and  r(4>,  n)  and  g(0,  n)  are  non- increasing 
functions  of  n; 

4)  w.  > w > 0,  T <0  and  sgn  T - -sgnT  . 

1 J O 1 o 

Then  the  solution  of  (3.10.5)  - (3.10.10)  which  satisfies  the  condition  4>(p)  < 
< 0,  0-5;p<f<,  (j>(p)  > 0 and  p >K  exists  also  uniquely. 

From  this  directly  follows  the  existence  of  a solution  of  the  initial  system 
(3.10.1  - 3.10.4).  If  we  substitute  in  the  found  solution  p - zf-1/2we  ob- 
tain a solution  of  the  initial  system  (3.10.1-3.10.4)  which  satisfies  the  con- 
dition t(z,T)<0,  0<z<,f(T),  t(z,-r)>0andz>f(t).  The  a Igor  ithm 
for  numerical  integration  of  the  problem  under  consideration  with  any  given 
precision  consists  of  the  following  stages.  First,  using  (3.10.6),  (3.10.7) 
and  (3.10.10),  by  means  of  the  majorant  and  minorant  of  (3.10.5)  we  find  the 
interval  containing  the  sought  value  of  0<.  Being  given  its  current  value,  we 
find  the  corresponding  value  of  W and,  consequently,  n(tx),  after  which  we 
integrate  (3.10.5)  from  right  to  left.  Depending  on  the  sign  of  p(T  ) obtained 
in  that  case  (more  or  less  than  zero),  we  correspondingly  reduce  or  increase 
0<  within  the  Indicated  range  until  we  obtain  p(T  ) - 0 with  the  prescribed 
precision.  It  follows  from  the  divergence  of  the  integral  curves  of  (3.10.5) 
that  if  the  found  solution  at  p - 0 falls  into  £ --  the  neighborhood  of  $ “ 

■Tj,  then  at  p > 0 it  is  known  to  differ  from  the  precise  solution  by  less 
than  £ . 

The  proposed  algorithm  can  readily  be  accomplished  with  any  electronic  com- 
puter, and  for  that  it  is  sufficient  to  use  only  standard  programs  for  the 
numerical  integration  of  ordinary  (second-order)  differential  equations  and 
solution  of  the  transcendental  equation.  In  that  case  the  coefficient  of 
thermal  conductivity  of  the  frozen  ground,  the  curve  of  the  unfrozen  water 
and  also  the  coefficient  of  moisture  transfer  can  be  given  in  both  functional 
and  in  tabular  form. 
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11.  The  Applicability  of  a Very  Simple  Self-Modeling  Solution  of  the 

Problem  of  Monotonic  Freezing  With  Consideration  of  Moisture  Migration 
for  the  Investigation  of  the  Freezing  of  Moist  Finely  Dispersed  Soils 

As  was  found  in  the  preceding  section,  in  a formulation  sufficiently  similar 
to  real  conditions  (the  phase  transitions  occur  in  the  range  of  negative  tem- 
peratures and  the  heat  and  mass  transfer  characteristics  depend  on  the  total 
moisture)  the  finding  of  a very  simple  self -model ing  solution,  without  consid- 
eration of  heaving,  of  the  problem  of  freezing  with  moisture  migration  under 
the  theorem  conditions  is  reduced  to  solution  of  a limiting  boundary-value 
problem  for  a system  of  nonlinear  differential  equations.  At  the  same  time, 
in  a linearized  formulation,  with  constant  heat  and  mass  transfer  character- 
istics of  the  ground,  the  problem  is  greatly  simplified,  and  equations  (3.10.1 
3.10.3)  are  integrated  in  explicit  form.  In  that  case  a solution  of  the  prob- 
lem is  sought  as  a result  of  solution  of  the  transcendental  equation  to  which 
(3.10.4)  is  reduced*.  The  exceptional  simplicity  of  finding  a self-modeling 
solution  of  precisely  the  linearized  problem  had  the  result  that  it  began  to 
be  widely  used  in  frost  studies  (Zolotar',  1964;  Fel'dman,  1969). 

It  can  readily  be  seen,  however,  that  the  use  of  such  a self-modeling  solution 

to  investigate  freezing  with  moisture  migration,  in  contrast  with  the  Stefan 

problem,  is  far  from  always  possible.  Actually,  as  follows  from  section  10, 
if  the  conditions  indicated  in  the  formulation  of  the  theorem  are  fulfilled, 
then  for  any  values  T <0  and  T > 0 there  is  a self -model ing  solution  for- 
mally existing  during  monotonic  freezing.  In  that  case  the  interface  in  the 
course  of  the  time  T moves  according  to  the  law  f(~C)  m vC  Jr  , where  oi  - con- 
stant > 0.  During  increase  of  T and  T^,  and  also  increase  of  the  initial 
moisture  w^,  the  freezing  rate  (8hat  is,  the  value  of  ) will  diminish,  while 
always  remaining  strictly  positive,  however. 

Thus  formally  during  any  selection  of  Tq  < 0,  T > 0 and  w > w^  in  the  prob- 
lem under  consideration  for  all  ~C  > 0 there  occurs  an  advance  of  the  inter- 
face in  coordinates  connected  with  the  thawed  ground^  However,  this  does  not 
correspond  to  reality,  since  at  T values  close  to  0 and  also  rather  large 
values  of  and  w^  - wq,  in  the  process  of  freezing  there  can  be  intensive 

heaving  with  the  formation  of  ice  layers,  during  which  the  freezing  of  thawed 
ground  does  not  occur  at  all**.  It  must  be  noted  that  the  impossibility  of 
using  a very  simple  self-modeling  solution  under  those  conditions  is  readily 
seen  also  from  the  solution  itself.  As  indicated  in  section  10,  in  the  self- 
modeling  case  the  moisture  in  the  frozen  zone  is  determined  by  the  value 
■y$«Oo4”l,  where  \J/'(«)  characterizes  the  influx  of  migrating  moisture  toward 
the  front  of  freezing  at  the  given  ot  > 0.  In  that  case  it  is  shown  that  the 
total  moisture  in  the  frozen  zone  monotonica 1 ly  decreases  with  increase  of  X , 
and  ^’(0)  > 0.  It  follows  from  this  that  in  the  problem  under  consideration 
when  the  freezing  rate  decreases  (k  0),  the  moisture  content  (by  volume) 


*In  that  ease  the  conditions  of  the  theorem  which  assure  the  existence  of  a 
unique  such  solution,  evidently,  are  automatically  fulfilled. 

**  This  will  be  demonstrated  rigorously  below,  in  section  12. 
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in  the  frozen  zone  increases  unlimitedly,  which  is  impossible.  As  will  be 
shown  below,  that  contradiction  is  connected  with  the  exclusion  of  heaving 
from  the  formulation  of  the  problem. 

Thus  the  formal  application  of  such  a self-modeling  solution  to  investigate 
the  process  of  freezing  with  moisture  migration  can  lead  to  absurd  results. 

The  appearance  of  works  devoted  to  specific  calculations  of  practical  impor- 
tance of  the  amount  of  heaving  in  the  process  of  heat  and  mass  transfer  during 
the  freezing  of  dispersed  media  by  means  of  a very  simple  solution  has  the 
result  that  the  investigation  of  the  possibility  of  application  of  such  a self- 
modeling case  becomes  essentially  necessary. 

We  will  examine  the  area  of  applicability  of  a very  simple  self -model ing  so- 
lution for  monotonic  freezing  to  investigate  the  influence  of  moisture  migra- 
tion on  the  process  of  freezing  under  real^  conditions.  For  convenience  we 
will  turn  to  the  symbols  of  section  8 t,  t,  , y(r),w  and  w.  As  was 

shown  in  section  9,  in  different  cases  of  freezing  with  consideration  of 
moisture  migration  (monotonic  freezing  occurring  without  heaving  of  the  freez- 
ing ground  or  accompanied  by  slight  heaving  with  the  formation  of  a micro- 
schlieren  texture,  and  also  during  the  formation  of  ice  layers  of  finite 
thickness)  the  behavior  of  w[y(T),T]  is  essentially  different.  In  connection 
with  that  the  determination  of  the  area  of  applicability  of  a very  simple 
self-modeling  solution  is  reduced  primarily  to  examination  of  the  question 
of  the  cases  in  which  there  is  fulfilment  of  the  condition  w[y('C),Tj  s w , 
which  is  taken  as  a boundary  condition  for  the  equation  of  moisture  con- 
ductivity in  a very  simple  self -modeling  solution  at  any  T^  < 0 and  T^  > 0. 

In  that  case,  naturally,  it  is  assumed  that  the  conditions  assuring  self- 
modeling of  an  ordinary  Stefan  problem  (for  example,  T^,  T1  and  w^  are  con- 
stants and,  consequently,  the  absence  of  water-bearing  horizons,  etc),  do 
not  occur. 

At  the  present  time  it  is  generally  considered  that  the  potential  P(z,T)  of 
the  forces  acting  on  moisture  at  each  point  of  the  ground  in  the  process  of 
its  freezing  is  an  unequivocal  function  of  the  moisture  content.  In  that  case 
in  the  frozen  zone  the  potential,  generally  speaking,  depends  on  the  ice  con- 
tent at  the  given  point.  Thus  in  a very  simple  self-modeling  formulation  it 
is  necessary  that  P[y(t)*T]  ” constant  and  T > 0.  From  obvious  physical  con- 
siderations that  condition  has  the  result  that,  regardless  of  whether  the  po- 
tential 16  a continuous  function  or  varlqs  abruptly  during  transition  across 
the  interface,  it  happens*  that  P[$('C),,T]  " constant  and  X > 0.  By  the  same 
token,  in  the  se  If  -model  ing  case  w[f(f),T]  “ constant,  that  is,  the  water  con- 
tent by  volume  in  the  liquid  phase  on  the  mobile  boundary  of  the  frozen  zone 
t in  the  process  of  freezing  must  remain  unchanged.  Obviously  this  _ls  equivalent 

to  constancy  of  the  content  by  volume  of  the  unfrozen  moisture  w*(t)  at  z - ^(t). 

It  can  readily  be  seen,  however,  that  w * “ w*(0)  does  not  depend  on  the 

moisture  saturation  of  the  ground  only  'at  w[5(t),T]  <dw  . Actually, 


*If  P varies  continuously  during  the  transition  from  the  thawed  into  the  fro- 
zen zone,  then  P[y<*0,-c]  -P[f(r),  r ]. 
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we  will  use  w**(t)  and  t 4 0 to  designate  the  content  of  the  unfrozen  water 
by  weight.  As  Is  known,  at  a fixed  temperature  w**  is  practically  Indepen- 
dent of  w and  is  a characteristic  of  the  given  ground.  If  in  a certain  vol- 
ume of  frozen  ground  at  t - 0 the  total  moisture  volume  is  equal  to  v,  the 
volume  of  the  skeleton  of  the  ground  per  unit  of  volume  is  equal  to  1 - v at 
v > w and  1-w  at  v ^ w . Consequently, 

P P P 

I aT(0)(l— ®)P,  <c.iu  v>w„. 

^ I »,,(0)(!  — tt'JP.  cc;m  v r 


where  P - constant  < 0 is  the  correlation  of  the  densities  of  the  skeleton 
of  the  ground  and  water.  By  the  same  token  w*(0)  is  the  characteristic  of 
the  ground  only  at  v ^ w^. 

Thus  constancy  of  w[V("c),T]  and,  consequently,  of  w[y(T),  T]  * wo  is  possible 
only  when  the  total  moisture  forming  during  freezing  with  moisture  migration 
satisfies  the  condition  w [|(T),"C]  < v , that  is,  there  is  no  heaving.  If, 
however,  w[$'(T),T]  > V , then  w[y  ("C)  ,p  t]  varies  in  the  course  of  time, 
being  an  increasing  function  of  the  difference  w[/(T),f]  - w . At  the  same 
time  (Melamed,  1969)  the  requirements  enumerated  in  the  theorem  conditions 
(section  10)  for  A(t,  w)  and  C(t,  w)  at  t ^ 0,  which  assure  finding  a unique 
solution  of  the  problem  of  freezing  with  migration,  are  practically  always 
realized  and  are  not  limiting. 


Summing  up  the  above,  one  can  say  that  if  the  solution  of  (3.10.5  - 3,10.10) 
obtained  in  accordance  with  section  10  satisfies  condition  (p)  < w and 
P £ [0,  o<]  It  actually  is  a unique  self-modeling  solution  of  the  problem  of 
’monotonic  freezing  with  migration.  Because  of  that  the  corresponding  solution 
of  (3.10.1-3.10-4)  can  serve  as  an  effective  and  fairly  reliable  instrument 
for  investigating  that  problem  which  makes  it  possible  to  determine  the  quan- 
titative regularities  and  estimate  the  role  of  each  of  the  numerous  factors 
of  the  process,  and  also  forecast  and  optimize  the  process  for  purposes  of 
control.  At  the  same  time  the  use  of  such  a selfwmodeling  solution  for  cal- 
culating the  amount  of  heaving  of  the  ground  during  freezing  is  Impossible. 

The  application  of  that  solution  for  the  invest igit ion  of  a real  process  in 
that  case  inevitably  leads  to  errors  which  in  the  course  of  time  increase 
substantially  (because  of  disruption  of  the  formulation  of  the  problem). 

Thus,  in  studying  the  influence  of  migration  on  the  process  of  freezing  under 
real  conditions  by  means  of  a very  simple  self -model ing  solution  it  is  pos- 
sible to  Investigate  only  those  grounds  the  initial  moisture  content  of  which 
does  not  surpass  the  heaving  threshold  under  the  given  conditions.  Let  us 
note  that  finding  the  value  of  the  latter  as  a function  of  the  boundary  con- 
ditions of  the  heat  and  mass  transfer  characteristics  also  is  readily  accom- 
plished by  means  of  that  solution  (see  Chapter  9).  If  one  takes  into  consid- 
eration the  complexity  of  the  problem  under  consideration  in  the  general  for- 
mulation and  also  the  fact  that  the  Value  of  the  heaving  threshold  is  of  enor- 
mous preotical  importance,  it  is  difficult  to  overestimate  the  role  of  the 
obtained  very  simple  self-model ing  solution  in  investigating  the  freezing  of 
finely  dispersed  systems. 
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Along  with  that  it  must  be  emphasized  that  attempts  to  use  in  a similar  manner 
the  self -model ing  solution  of  a linearized  problem  (when  the  characteristics 
of  the  medium  are  constant)  even  in  the  absence  of  heaving  can  considerably 
distort  the  picture.  Actually,  in  finely  dispersed  grounds  C(t,  w)  is  a 
sharply  varying  function  of  temperature  with  a maximal  value  greater  by  an  or- 
der of  magnitude  than  the  value  of  the  additive  heat  dapacity.  Therefore  the 
replacement  of  the  effective  heat  capacity  by  a constant  one  changes  the  so- 
lution of  the  thermal  part  of  the  problem  and,  consequently,  also  the  problem 
as  a whole.  Still  greater  error  is  involved  by  replacement  of  the  constant 
coefficient  of  thermal  conductivity,  which  with  increase  of  the  moisture  con- 
tent increases  by  several  orders  of  magnitude.  Finally,  the  results  of  the 
solution  are  substantially  affected  by  variation  of  the  coefficient  of  thermal 
conductivity  of  the  frozen  background  as  a function  of  the  degree  of  moisture 
saturation. 

Thus  the  use  of  a very  simple  self -model ing  solution  of  the  problem  of  mono- 
tonic freezing  with  consideration  of  moisture  migration  toward  the  mobile  front 
to  investigate  the  process  under  real  conditions  is  possible  only  under  certain 
conditions,  when  in  the  process  of  freezing  a massive  or  microschl ieren  cryo- 
genic texture  forms.  In  addition,  in  the  given  case,  examination  of  the  prob- 
lem in  an  essentially  nonlinear  formulation  is  far  more  obligatory  than  when 
a self -model ing  solution  is  used  in  an  ordinary  Stefan  problem,  since  use  of 
the  solution  of  a linearized  problem  even  in  a qualitative  investigation  re- 
quires preliminary  determination  of  the  values  of  characteristics  of  the  medium 
effective  for  the  given  conditions. 

12.  Self-Modeling  Solution  of  the  Problem  of  Freezing  With  Moisture  Migration 
With  Consideration  of  Heaving  and  the  Formation  of  Ice  Layers 

The  above-examined  self -model ing  solution,  in  spite  of  all  its  simplicity  and 
effectiveness,  cannot  be  used  to  solve  questions,  very  important  from  the 
point  of  view  of  historical  and  engineering  frost  studies,  connected  with 
heaving  and  schlieren  formation.  At  the  same  time,  some  generalization  of 
the  method  described  in  section  10,  connected  with  the  introduction  into  the 
equation  of  thermal  conductivity  for  the  frozen  zone  of  a term  describing  the 
movement  of  the  frozen  zone  in  connection  with  heaving,  makes  it  possible  to 
obtain  the  corresponding  self-model ing  solutions  both  in  the  case  of  monotonic 
freezing  and  during  the  formation  of  ice  layers.  Let  us  note  that  during  the 
examination  of  freezing  with  migration  in  the  general  formulation  (section  9) 
the  movement  of  the  frozen  zone  during  heaving  is  taken  into  consideration 
through  corresponding  change  of  the  start  of  read-off  in  the  frozen  zone  in 
conqparison  with  the  thawed. 

1.  The  problem  of  the  freezing  of  finely  dispersed  rocks  with  consideration  of 
heaving  and  ice  layers  in  a self-modeling  case  has  the  following  form.  It  is 
required  to  find  the  functions  t(z,T),  t(z,T),  w(z,  T),  h(<  ) and  y(X)  satis- 
fying the  conditions*: 


*For  simplicity  the  volumetric  expansion  of  unfrozen  moisture  is  excluded  from 
consideration. 
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(3.12.1) 

(3.12.2) 

(3.12.3) 


'l'Z(x),  Tj  q«/(x),  x)  =/„,  q—  /i(x),  x]  70.  x>0.  | (3.12.4) 

t(z,  0)  Tlt  w(z.  0)  a>„  z>y(0),  h(0)  // (0)  -0,  j 


w(^(x),  x) 


4-  </' 


(«<) 


-I-  "!£/'  (T) 


. X >0. 


(3.12.5) 


f v(/((u-)  — ) -i  (m~w„)y'  (x)~  F (x),  F (x)  > 0,  x >0. 
h (t)  = J \ OZ  /z=y(T) 


0, 


F(x)<  0. 


(3.12.6) 


On  the  mobile  interface  (at  z “ y(t))one  of  the  following  conditions  is  ful- 
filled: 

/ [x,  w(y(x),  t))  — Qy'  (x),  iv(ij  (x),  x)  = w0,  ec;m  /(x,  ®0)>0, 

(3.12.7) 

/ [t.  u(y(x),  t)1  :-0,  y'  (x)  = 0,  ec.iii  I (x,  co0)<0.  (3.12.8) 


Here 


l[x,  w(y(x),  t)]  = (X(/.  — >-0 

\ 0Z  /z=V(0  oz 

■v(t ((»)-—)  ; K >">•>  q>o.  c1>c>cl> o. 

\ d*  / i -v( I) 


* =v(x> 


/CX>/(  > /C;>0, 

where  C is  continuous  and  1 and_K  are  continuously  differentiable  functions 
of  their  arguments,  Tq,  T^,  C^,  , 1 - 1,  2,  wfl,  w^ , w , m and  t are 

constants,  T <t,T  >t,0<  w*(0)  < w < v.  < w < 1,  ^ , Q,  |i,  V and 
2 o o 1 o o 1 p o 

--  constants  > 0,  m - V(wr  - w*(0))  + w*.  As  above,  without  limitation 

of  generality  we  will  assume  that  t - 0,  Henceforth  we  will  assume*  that 

0 < m < w • 

P 


It  is  obvious  that  at  w ■ w system  (3,12,1-3,12,8)  is  reduced  to  the  known 
self -modeling  Stefan  problem1 (sect ion  8),  In  addition,  problem  (3,12,1-3.12,7) 


*At  m > w , when  heaving  occurs  at  any  surface  temperatures,  the  problem  is 
simp  Ilf l8d. 
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at  h(t)  = 0 and  "C  > 0 was  examined  in  section  10.  Finally,  the  solution  of 
(3.12.1-3.12.7)  at  I(t,  wo)  - 0 also  is  a solution  of  (3.12.1-3.12.6  and 
3.12.8)  at  w(y(T),T)  = w°.  Demonstrated  below  is  the  existence  of  a unique 
self-modeling  solution  of°the  problem  under  consideration  which  satisfies, 
depending  on  the  boundary  conditions,  (3.12.1-3.12.7)  or  (3.12.1-3.12.6  and 
3.12.8)  at  all  TT  > 0 and  such  that  t(z,f)  < 0,  z (■  [-h(x),  y(t)  ],  t(z,f)  > 
> 0 and  z > y(f).  In  that  case  the  requirements  for  the  given  problems  re- 

main the  same  as  in  the  proposed  h'(T)=  0 and  T > 0 (theorem,  section  10). 

As  a result  of  the  investigation  an  algorithm  was  proposed  for  finding  the 
indicated  solution  with  any  prescribed  precision. 


2.  In  contrast  with  section  10,  where  a self-modeling  solution  formally  ex- 
ists under  any  boundary  conditions,  in  the  given  formulation,  besides  finding 
the  solution  itself,  the  question  arises  of  the  conditions  of  existence  of 
self-modeling  solutions  describing  the  freezing  and  formation  of  an  ice  layer 
respectively. 

We  will  examine  a condition  assuring  monotonic  freezing,  that  is,  the  existence 
a self-model ing  solution  of  (3.12.1-3.12.7)  at  all  T > 0. 

We  will  introduce  the  designation  p » z / \fx  • We  will  seek  the  function  4>(p), 
<j)(p)  and"^  (p)  and  also  the  constants  ^ 0 and  ^ 0 such  that  t • <j)(p), 

t - $(p),  w m'*lr  <T),  y (t ) - *\fx  and  h(t)  - (*/t  are  a solution  of  (3.12.1- 
3.12.7).  From  (3.12.5)  and  (3.12.6)  we  have 


P s P («)  ^ 


2 vK  (si0)  (a)  -f  (m  — wn)  a. 


'!>'  (a)  > 


(m — -n)a 
2vK  (-o)  ’ 


0. 


(«)<- 


(m — U’n)a 

2 \K  (^0)  ’ 

(3.12.9) 


w (p)  ~ n (a)  = 1-— 12 v/C  (kj#)  i|>'  (a)  + mo],  — P < p < a. 

r (I-rB 

H (3.12.10) 

As  a result,  system  (3.12.1-3.12.7)  is  reduced  to  the  following  system  of 
nonlinear  ordinary  differential  equations 

?(p)  + r(9-  s(v<  «)9,2(p-+  P)  = °-  P <p<a>  )2  n) 


-i- g’gcp'p  = 0,  p>a,  (3.12.12) 

ip ( — p)  — 70,  fp (a)  = <p (a)  -=  0,  <¥(00)  — Tl  (3.12.13) 
a (i|-)  '1>'2  ;-6K)4>'P  0.  P>a<  (3.12.14) 

^(a)  = t'0.  'M00)  wi<  (3.12.15) 


"h"e  ,_(ln*>-,.  C/21,  .-(Inflt.  » = («)-'■ 

In  the  future  we  will  sometimes  use  the  designation 
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f (p) 


'l’(p). 

•f(p). 


— p («)  < p<  a, 

P > 


In  that  case  at  the  point  p “ (<t>  “ 0)  the  coefficients  of  (3.12.11-3.12.12) 

lose  discontinuity  of  the  first  kind,  <t>(p)  Is  continuous,  whereas  iF'  (p)  in 
accordance  with  (3.12.7)  has  a discontinuity  determined  with  the  correlation 


?.(0,  n (a)) <p'  (a  — 0)  — V?(a  : 0)  — |x/C  (k>«)  ij>'  (a)  Qu. 

(3.12.16) 

It  follows  directly  from  the  Indirect  uniqueness  theorem  that,  if  ^T(p)  exists, 
then  3>(p)  ^ 0,  p (r  [-^,  k],  ^>(p)  0 and  p >«.  Proven  below  upon  the  assump- 

tions of  the  theorem  (section  10)  with  respect  to  r and  g is  the  necessary  and 
sufficient  condition  of  existence  of  a unique  solution  of  (3.12.11-3.12.16) 
such  that  *$(p)  < 0,  p (-  [-/>,  <x] , ^>(p)  > 0 and  p > <X  . 

3.  The  problem  under  consideration,  described  by  (3.12.11-3.12.16),  represents 
a nonlinear  limiting  (In  the  sense  of  conditions  for  gd)  boundary-value  prob- 
lem, for  the  numerical  Integration  of  which  the  asymptotic  behavior  of  the  in- 
tegral curves  must  be  Investigated.  In  connection  with  the  need  in  the  examin- 
ation of  the  solutions  of  (3.12.11)  and  (3.12.12)  to  take  (3.12.16)  into  con- 
sideration, and  also  with  the  fact  that  n (x)  and  P ( <>0  depend  on  ''f',([>0,  at 

first,  quite  analogously  to  the  case  ^(k)  » 0 (section  10)  an  investigation 
is  made  of  the  integral  curves  (3.12.14).  As  was  found  in  section  10,  at  any 
* if  0 there  is  a unique  solution  (3.12.14)  under  conditions  (3.12.15),  and 
* (t4)  > 0 and  finally  is  a continuous  monotonlcally  increasing  function  of  p(, 

^’(P)  > 0 and  p > o*  * In  the  same  place  a simple  algorithm  is  presented  for 

solving  (3.12.14)  and  (3.12.15)  with  any  prescribed  precision  at  any  X & 0. 

In  addition,  in  section  10  it  was  demonstrated  that  ( o<-)o<"  ^ is  a monotonic- 
ally  decreasing  function  of  . 


We  will  now  examine  p~(3(#Oand  n ■ n(0<)  . For  that  purpose  we  will  examine 
the  equation 


V («) 


(3.12.17) 


a 2 vK  (w„)  ' 

It  is  obvious  that  at  o(  i 0 there  exists  not  more  than  one  root  X*  of  (3.12.17). 

The  equation  of  the  curve  Y*(p)  majorizing  (minorlzing)  the  solution  of 
(3.12.14)  at  S'*(0<)  - Y(K)  - w , Y*'(«)  «T'M  ■ Y ' > 0 has  the  form 


Tj>’  (p)  ; Zm|>*  p - o, 


(3.12.13) 


where  a*  and  b*  are  certain  constants  which  satisfy  the  conditions  a < a(\^r), 

0 < b*  < b(Y)  (a*  > a(-vf),  b*  > b(Y>). 


From  (3.12.18)  under  conditions  (3.12.15)  we  obtain  directly 


99 


4>*  («0 


r\p(  * »V|  U,  ))  I 


(3.12.19) 


At  any  fixed  value  of 0 the  value  of  \K'(<X)  is  bounded  from  below  and 
above  by  the  corresponding  values  of  the  slopes  of  the  majorant  and  minorant, 
determined  with  (3.12.19).  Hence  it  follows  that  during  change  of  p<  from  0 
to  no  the  left  side  of  (3.12.17)  monotonica lly  and  continuously  decreases  from 
od  to  a certain  positive  value  bounded  from  below  and  above  by  the  values 
(a*)"^b*[exp  fa*(w^  - w^)}  -1]  respectively  at 

a"  a i Mini  a (\);).  b’  b\  mhh  (4)  — 6 11  a'  a*  = v.skc  a (4), 

b‘  b.  M3KC  b (4)  f 8,  66(0,  mhh  b (4)),  46  [:t'0,  t',J. 

Hence  one  can  readily  obtain  a sufficient  condition  for  the  ground  to  be  in 
danger  of  heaving  at  the  given  natural  moisture  content.  Actually,  if  we 
take  (3.12.17)  into  consideration,  we  find  that  if 

1:7,  - m ^ e-'P  (“*1  *-\>)}  " ' ^ 

2 vK  b]  a’ 

then  a*  does  not  exist,  (J(*)  > 0 at  any  txl  ^ 0 and,  consequently,  in  the 
given  ground  heaving  will  occur  under  any  conditions  of  freezing.  But  if 

u„  m > 6>P  l°2  felt  > 

2vA'  b‘  a\ 

then  **  > 0 is  known  to  exist,  that  is,  3(«)  s 0 at  all  a > ot*,  ^((X)  > 0 
at  o(  (•  [0,  a*].  In  that  case  a "threshold"  temperature  of  the  surface  T*  will  be 
found  at  which  at  all  T < T*  heaving  will  be  absent,  whereas  at  T °(0,  T*) 
heaving  occurs.  Since  4’(oC)  is  a monotonica 1 ly  increasing  continuous 

function  of  , then  by  virtue  of  m + 1 > w from  (3.12.9)  it  follows  that 
+ (3  (<*)  monotonically  and  continuously  increases  with  increase  of  oC.  . 

Hence  in  accordance  with  (3.12.10)  we  find*  that  n(oO  is  a monotonically  de- 
creasing function  of  « at  a ^0,  where  n(0)  - 1. 

4.  Now  we  will  examine  the  integral  curves  (3.12.11)  and  (3. 12.12) • From 

(3.12.11) ,  using  the  uniqueness  theorem,  we  find  indirectly  that  if  <6  (p)  is 

a certain  solution  of  (3.12.11)  then  (p)  does  not  change  sign  at  p £[  -fl(pc), 
*].  Since  0 - constant  satisfies  (3.12._11)  at  ^'(-/3)  - 0,  then  from  (3.12.13) 
we  have  <p'(-£)  > 0 and,  consequently.  O' (pi  > 0 and  p (-[-A,  at].  From 

(3.12.12) ,  if  we  designate  that  qo  - (2ao)“  , we  have 

4'  (P)  - 4'  («  0)exp{*?o  (a-  — p-)}, 

p 

y(p)  ' (a  0)  j"exp{^o(as  — s3)}rfs,  p>  a.  (3.12.20) 


*If  *<s*  exists,  then  n(<x)  is  examined  separately  at  0<  > at  * (in  that  case 

n(K  ) ^ w^)  and  ot  £ [0, ©<  *). 
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from  which  it  is  evident  that^'(p)  does  not  change  sign  even  at  p > OC.  From 
this  follows  the  existence  of  p - p(<i>)  --  the  inverse  function  of  T(p),  where 
p(0)  = . In  addition,  it  follows  from  (3,12,20)  that  <J>(od)  exists  also  fin- 

itely, and 


Ti  •— (u)(l  — tTl(v0«)e.\p{<7oaJ}J.  (3.12.21) 

Since,  as  in  the  cases  examined  earlier  (sections  8 and  10),  the  condition 
^’(_(i)  > 0 by  virtue  of  (3.12.16)  is  not  sufficient  for  fastening  at  p * * 
of  the  integral  curves  (3.12.11)  and  (3.12.12)  satisfying  (3.12.13),  the  ex- 
amination of  ”$(p)  will  be  conducted  by  Integration  from  right  to  left. 

We  will  Drove  that  the  integral  curves  (3.12.11)  and  (3.12.12)  under  the  con- 
dition 0(od)  ■»  T do  not  intersect  during  movement  "backward."  We  will  examine 
$ (p),  i = 1 and  2,  satisfying  6.  (a>)  •*  T and  6 (Ot  ) = 0.  For  definiteness 
let*  > * . It  follows  from  (3^12.20)  and  (3.12.21)  that  ^ (p)  <*5’l(p)  at 

p>*[- 

Since  (^  + 0)  > 0 and,  in  accordance  with  (3.12.16),  ^ (*^  - 0)  > 0, 

then  ^(p)  < 0 at  p f (<*2 , 0^),  from  which  that  ^(p)  < <*>2(p)  in  the  given 
interval. is  known. 

We  will  designate  that  z = p + /*(  <x  ) and  v(z)  = $(z  - A).  Then  from  (3.12.11) 
and  (3.12.13)  we  have 


v”(z)~r(v,  /i)z'24  g(v,  n)  z’z  0, 

0 < z<  u P(u),  b(0)  7\,  V{a  -j  p(ct))  0.  (3.12.22) 

We  will  transform  (3.12.5),  taking  into  consideration  that  z = z(v)  (existence 
follows  from  r’  (p)  0 and  p > -^i).  Then 

?(v)  = r(v,  n)z’  \- g(v,  n)z"'z.  (3.12.23) 

Lemma  1 occurs.  Let  z.(v),  1 ” 1 and  2,  be  solutions  of  (2.16.23)  under  the 

given  initial  conditions,  where  z9(0)  ^ z.(0)  > 0,  x^(0)  > z9(0)  > 0,  and 

2 L2  1 ^ 

[z^(0)  - z2(0)]  + [z^(0)  - z'(0)]  f 0.  Then,  if  r and  g are  nonincreasing 

functions  of  n,  then  at  all  v < 0 at  which  z.  ^ 0 we  have  z (v)  < z-(v)  and 
z|(v)  > z2(v). 

The  given  lenina  is  proven  quite  similarly  to  lemna  1 in  the  work  of  V.  G.  Mela- 
med (1969). 

From  (3.12.16)  and  (3.12.21)  we  have 


z'(0)  M0.  n)(-^ 


l‘K  (w0)  \\?'  (a) 


tqt 

(3.12.24) 
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Since  explain  - erf(«)]  is  a monoton  ica  l ly  decreasing  function  of  o<  , then 
from  (3.12.20)  ♦ '((X.)  is  a monotonica 1 ly  increasing  continuous  function  of  c*  at 
a given  T^.  Hence  at  0,  as  follows  from  point  3,  z'(0)  decreases  mono- 

tonica 1 ly  and  continuously  with  increase  of  Ot  at  the  given  values  of  T , wq 
and  w^,  remaining  larger  than  zero. 

5.  We  will  examine  the  family  E^  of  the  integral  curves  (3.12.23)  correspond- 
ing to  the  given  values  of X .*  0 anu  those  of  z'(0)  obtained  from  (3.12.24). 

Let  v.(z),  i = 1 and  2,  be  the  curves  of  the  family  E corresponding  to  * < 

In  that  case,  as  indicated  above,  + A(w  ) < 1*^  + ^(^V,).  Then,  as 

z'(0)  > z^(0),  it  follows  from  lemma  1 that  during  decrease  of  v the  curves  of 

E diverge.  In  that  case,  since  z(v)  = 0 is  a solution  of  (3.12.23)  at  z'(0)= 

- 0,  for  curves  of  E^  we  have  v(z)  < 0 and  v'(z)  > 0 at  0 < z <P(  +/3(tx). 

The  equation  of  the  curve  z*(v)  majorizing  the  corresponding  curve/  E under 
the  conditions  z*(0)  « (X.  + P((\)  and  z*(0)  = z'(0)  has  the  form  z*(v;  = Rz*'  + 

+ Gz ,2  z* , where  R and  G are  certain  constants,  where  R < r(v,  n),  0 < G < g(v,  n) 
at  all  v < 0,  and  z'(0)  is  determined  in  accordance  with  (3.12.24).  In  that 
case  the  furnction 


V (z) 

— In 
R 

i'-TW  I “"It"'1"1 

■P)s-S*lj 

(3.12.25) 


majorizes  the  corresponding  curve  of  (3.12.22).  Similarly  (R  if-  r and  G >g) 
the  majorant  of  (3.12.23)  and  minorant  of  (3.12.29)  are  determined.  It  can 
readily  be  seen  that,  in  contrast  with  the  case  ( o<  ) = 0,  solutions  of  (3.12.11- 
3.12.16)  do  not  exist  at  any  values  of  the  initial  data. 

It  follows  directly  from  lemma  1 that  a necessary  condition  of  the  existence 
of  solution  (3.12.11-3.12.16)  is  condition  z (T  ) >$  0 (that  is,  p(T  ) 4:  (3(°0 
at  Pt  - 0.  Henceforth  for  brevity  this  condition  will  be  called  condition  1. 

We  will  prove  that  under  condition  1 the  curve  v*(z),  determined  with  (3.12.25) 
at  «<.  ■ 0,  R ^ r and  0 < G < g,  satisfies  the  condition  T < v*(0)  < 0.  We 
will  examine  (3.12.25)  with  the  indicated  values  of  R ancl  G under  the  condition 
v*(0)  “ T . It  is  obvious  that  in  that  case  (3.12.25)  is  reduced  to  a trans- 
cendental equation  with  respect  to  K . Since  o ( + /*(  ** ) and  v'(^+  /H  ) 
are  monotonica lly  increasing  functions  of  IX,  the  right  side  of  (3.12.25)  at 
z - 0 is  a continuous  monotonica 1 ly  decreasing  function  of  p<,  larger  than  T 
at  X - 0 under  condition  1 and  not  limited  from  below.  Consequently,  under 
condition  1 a solution  of  the  indicated  equation  x.  exists  and  is  unique, 
where  X > 0.  We  will  examine  the  set  E of  those  values  t<  at  which  the 
integral  lines  (3.12.22)  intersect  the  axis  z * Oat  v^I  • That  set  is 
not_empty  because  of  condition  1.  At  the  same  time,  E^  is  limited  from  above 
by  x , since  z (T  )>0at<X-<*.  It  follows  from  the  continuous  dependence  of 
the  solution  of  (3.12.23)  on  the  initial  conditions  that  the  precise  upper 
boundary  K of  the  set  E^  belongs  to  E^. 

A 

We  will  prove  that  the  solution  of  (3.12.22)  v(z)  corresponding  to  o<  - pc  cannot 
intersect  the  axis  z ■ 0 at  v > T . Actually,  let  v(0)  > T . Since  v'(0)  > 

0,  in  a certain  left  ha  If -neighborhood  of  the  poLnt  we  have  °T ^ < v(z)  < v(0). 
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From  this  is  found  ot  < X such  that  the  corresponding  integral  curve  of  (3.12.22) 
also  intersects  the  axis  z * 0 at  v T^,  which  is  imposs ible. 

A _ A 

And  so  0 < < ix  and  v(0)  = T . Since  at  the  given  value  of  from  (3.12.22) 

z'(0)  is  a continuous  and  monotonic  function  of o( , then  under  condition  1 

from  the  divergence  of  the  integral  curves  of  (3.12.22)  it  follows  that  for 

any  T > 0 there  exists  a unique  value*  • °<  " 0 such  that  v (0)  = T . Thus 

J 1 2 o o 

the  following  theorem  1 has  been  proven. 

/Theorem  1/.  Lgt  at  x = 0 _£he  solution  of  (3.12.11-3.12.16)  satisfy  gondit ion 
1.  Then,  if  r($),  n)  and  g«J,  n)  are  non increas ing  functions  of_n,  c(&,  n)  > 
constant  > 0 and  A ($,  n)  -2  constant  > 0,  where  c is  continuous,  A and  K are 
continuously  differentiable  functions  of  their  arguments  and  A ' > 0»  then  a 
solution  of  (3.12.11-3.12.16)  exists  and  is  unique  under  the  g?ven  boundary 
conditions.  However,  if  p(T  ) > -ft(x)ato<  = 0,  no  solution  of  (3.12.11- 
3.12.16)  exists. 

6.  The  conducted  investigation  makes  it  possible  to  propose  a simple  algorithm 

for  numerical  solution  of  the  problem  under  consideration  if  p(T  ) < - |i(  X ) 

atX-0*.  At  first  from  (3.12.25)  at  z a 0 and  v*  = T is  found  after  which 
the  solution  of  (3.12^11-3.12.16)  is  readily  determined  by  thermethod  of  divid- 
ing the  segment  (0,  x)  in  two.  Assuming  at  first  that  X - l/"2x  , we  integrate 
(3.12.14)  under  the  conditions  (3.12.15)  to  find  the  corresponding  value  of 

V ' (&< ) and  then,  having  determined  (3(x),  n(oC)and  $>'(oO  respectively  in  ac- 
cordance with  (3.12.19),  (3.12.10)  and  (3^.12.16),  we  will  integrate  (3.12.10) 
from  right  to  left,  assuming  that  p » p(0). 

Depending  on  the  sign  of  p(T  ) + [i(*  ) obtained  in  that  case  (larger  or  small- 
er than  zero),  we  correspondingly  reduce  or  increased,  until  we  obtain  p(T  ) + 
(H*)  “ 0 with  the  given  degree  of  precision. 

By  virtue  of  the  continuous  dependence  on  the  initial  conditions  on  the  finite 
segment  T ^ ^ 0 the  solution  of  interest  to  us  can  thus  be  calculated  with 

the  prescribed  precision.  In  that  case  it  follows  from  lemma  that  if  at 

p - -M*)  the  found  solution  enters  t --  the  neighborhood  of  “ T , then 

at  p * it  will  differ  from  the  true  known  value  by  less  than  t, 

7.  We  will  now  examine  the  self-modeling  solution  of  the  initial  problem  in 
the  case  where  condition  1 is  not  fulfilled  and,  consequently,  monotonic  freez- 
ing cannot  occur.  We  will  prove  that  when  condition  1 Is  not  fulfilled  there 
Jls  a unique  self -model ing  solution  of  (3.12.1-3.12.6)  and  (3.12.8)  satisfying 
t(z,  r)  < 0,  z (■  [ -h (T ) , 0],  t(z,x)  > 0 and  z > 0,  where  w[0,  t]  (■  (w  , w. ) 
and  T > 0. 

Similarly  to  point  2 we  will  seek  functions  y(f>),  ^(p)  and  ^>(p)  and  the  con- 
stant p > 0 such  that  t “ 0(p),  t - $(p),  w - y (p)  and  h(  X ) ■ p $f)  are  a 
solution  of  (3.12.1-3.12.6)  and  (3.12.8). 


*It  is  known  that  if  P(I  ) “ P(*)  at  o(  - 0 then  the  solution  corresponding 
to  k * 0 is  the  sought  one. 
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Since  at  y'(T).**  0 from  (3.12.5)  and  (3.12.6)  we  have  w(z)  = 1,  z (r  [-h(T), 
0]  and  h'Cc-)*  >'(K  (w)  dw/<)z)  where  w(0,  *C)  has  not  been  determined  in 
advance,  then  (3.12.1-3.12.6)  ana  (3.12.8)  are  reduced  to  the  following  sys- 
tem of  differential  equations: 


ii’(p)  . r(<  p.  I ) «*  '*'  (/>)  I)f  '(P)<P  P)  °-  P <P  ' 0, 

(3.12.26) 

</  (p)  p^'(p)l>  0,  /;><),  (3.12.27) 

i(0)  <p  (0)  0,  <p(oo)  r„  <?(— P)  T’o-  (3.12.28) 

vl"  (pi  a(S>)it>'*’(P)  • blWip)p  0,  p> 0,  (3.12.20) 

H-(oe)  wlt  (3.12,30) 

7.(0,  l)<p'(0)  — VP'lO)  M (K  <’))  V (p))n  0 - (3.12.31) 


It  is  essential  that  in  (3.12.26-3.12.31),  in  contrast  with  (3.12.11-3.12.16) 

- P(Y(0)).  It  is  obvious  that  the  investigation  of  (3.12.26-3.12.31)  at 
an  arbitrary  fixed  value  of  Y(0)  (r  (wq,  w^)  is  conducted  quite  similarly  to 
the  examination  of  (3.12.11-3.12.16).  In  particular,  the  integral  curves  of 
(3.12.27)  and  (3.12.28)  at  the  indicated  values  of  3)1(0)  satisfy  the  condition 
Y'  (p)  > 0 and  p ^ 0,  In  addition,  Y ( 00  ) also  exists  finitely,  and  a solu- 
tion of  the  corresponding  limiting  boundary-value  problem  exists  and  is  unique. 

We  will  introduce  the  designation  K(Y.)  » (p)  ■ v.  (p)  and  p ^ 0.  From 

(3.12.29)  we  have 

(P)  l-  (P)  P<  P > (3. 12.32) 

Lemma  2 occurs.  Let  Y (P ) , 1 * 1 and  2,  be  the  solution  of  (3.12.19)  under 
the  conditions 

ih.  (0)  > i|>,  (0),  o.  (0)  > ux  (0),  lYi  (0)  - v|’j  (0)1-  (»i  (0)  - v.  (0)1*  i 0. 

(3.12.33) 

Then  Y2(p)  > (p)  and  p > 0. 

Proof.  Let  us  assume  the  opposite,  that  is,  that  there  exists  a point  p > 0 
very  close  to  p - 0 of  intersection  V (p)  and  Y?(p).  It  can  readily  be  seen 
that  there  exists  a ha  If -neighborhood  p » 0 in  which  Yt(0)  >"V1(0).  Actually, 
, if  Y2(0)  - ^(0),  then  from  (3.12.33)  we  have  Y2(0)  > “1*  (0)1  But  if 

V2  >Y1(0),  the  statement  Is  obvious. 

Thus,  Yx(p)  < 1(/2(p).  P (•  (0,  p^,  'v*,1(p1)  - V2(P1)  and  ^(p)  > ^(p)  and, 
consequently,  v^(p^)  ^’v2(p1)»  It  follbws  from  (3.12.32)  that 

v?(p)-vi(p)  -yPltiW  ~VAp)\.  (3.12.34) 
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If  we  integrate  (3.12.34)  in  the  range  from  0 to  p , by  virtue  of  (3.12.33) 
we  have 


0 >:•,(/?,)  -v.,(0)  . o,(0)  —■  f s h}-,'  (s)  — \fc(s))]t/s 

o 

Ft 

\ ]'[Y,  (s)-'l’.  (s)]  ds  > 0, 


which  is  impossible.  Lemma  2 has  been  proven. 

8.  LetY°  (-  (w^,  w^).  We  will  use  "V  (p,Y°)  to  designate  the  integral  curves 

of  (3.12.29)  and  (3.12.30)  satisfying  the  conditionY(O)  - Y • We  will  also 
designate  that  -f(p,Y°)  - KCY  (p,  Y®)  ’H'  * (p,  Y°).  It  is  obvious  that  (p,  r )> 

> 0 and  p ^ 0. 

Lemma  3 occurs:  i (o,Yc  *)  is  a strictly  monotonic  decreasing  continuous  func- 
tion of  *Y  Proof.  Let  S'*  i * 1 and  2,  satisfy  the  condition  <N/"^ 

<Y°  < w . We  will  examine  the  set  F of  values  of  v(0)  such  that  the  cor- 

4 1 A , 0 

responding  integral  curves  of  (3. 12 .29)  o 2 (p)  andT ^(0)  = l 9 intersect  with 
Y (p,Y^).  That  set  is  not  empty,  since  at  v(0)  - 0 from  (3.12.29)  we  have 
V^(p)  - and  according  to  lemna  2 is  limited  from  above  ^"(0,Y^).  By  vir- 
tue of  the  continuous  dependence  of  the  solutions  of  (3.12;29)  on  the  initial 
conditions  the  precise  upper  boundary  v(0)  of  the  set  F belongs  to  F . It 
is  obvious  that  v(0)  < j(0,  t ^ ). 

We  will  prove  that^  the  integral  curve  of  (3.12,19)  Y (p)  and  Y^O)  = 
corresponding  to  v(0)  satisfies  the  condition  Y (p)  <Y(p,  Y ) and  P > 0« 

Actually,  let  p„  be  the  point  closest  to  p - 0,  where  -vp  (p,  Y?).  Physically, 

")T (p,  Y5)  is  the  flow  of  moisture  at  the  point  p at  w(0,  -f)  -Y  °.  It  is  ob- 
vious that  p2  > 0,  where  Y2(p2)  ''Y' (p2,  Y®).  From  the  ordinary  uniqueness 

theoremY ^ (p2)  <Yr,(p2,Y®)  and,  consequent  I yY  2 (p)  <Y(p,  Y^).in  a certain 

right  ha  If -neighborhood  of  the  point  p2»  However,  then,  by  virtue  of  the  con- 
tinuous dependence  of  the  solutions  of  (3.12.29)  on  the  initial  conditions  v(0) 
is  found,  belonging  to  F^  and  such  that  v(0)  > v(0),  which  is  impossible. 

Thus  Y2(Q>  ) ^ Wj.  We  will  show  that  Y2(®)-  w^.  Actually,  let  Y,  (®)> 

> w • Then  by  virtue  of  the  continuous  dependence  of  the  solutions  of 
(3.12.29)  on  the  initial  conditions  one  finds  “vt(0)  < v(0)  such  that  the 
corresponding  Integral  curve  of  (3.12.29)  Yr*(p)  and Y*(0)  **Y  2also  inter- 
sects t"  “ w^,  which  is  Impossible, 

Thus,Y2(p)  -Y  (p.Y^.p-?  0,  v(0)  - Y(0,Y2)^  f(0,  Yj)  . we  will  now 
prove  that  {(O.Y®)*  f(0,Y°>.  ctually,  let  f (0,  Y^>  * /(0,  From 

4 Wj  follows  the  existi  of  the  point  pQ  > 0 such  that  Y|p0, 

Y°)  - l1  °,  where  Y’(p,  Yj>  > 0 p * [0,  pj.  Then  from  (3.12.32) 

w.  h»v. )cpo,  yj>  -yY^<0-'v?)  y*>. 
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Similarly  to  lemma  1 it  can  Readily  be  found  that 
(3.12.29)  r0(p),Y0(p0)  Y'(p0) 


the  integral  curve  of 
satisfies  the  condition 


'HP.  ’!’")> fo(P)> S’ (P’  P>°-  (3.12.35) 


It  follows  from  the  uniqueness  of  the  solution  of  thelllmitlng  boundary  prob- 
lem for  equation  (3.12.29)  that  YMcd)  v • Then  from  (3.12.35)  we  find 
that  Y (<r>  , Y®  ) > wbicb  is  impossible. 

Thus  it  has  been  proven  that  -f(0,Y  °)  is  a decreasing  function  of  Y°.  From 
(3.12.32)  at  the  values  ofY°  under  Consideration  it  follows  thatY’(p,Y  °) 
and,  in  accordance  with  (3. 12. 29), "Y  "(p,Y  °)  are  limited  to  a certain  right 
ha  If -neighborhood  p - 0.  As  a result,  from  the  contrary  we  find  directly  that 
f(o,Y°)  is  a continuous  function  of  Y °.  Lemma  3 has  been  proven. 

9.  We  will  examine  the  integral  curves  of  (3.12.26)  at  a fixed  value  ofY  U. 
We  will  transform  (3.12.26)  and  (3.12.31),  considering  that  p * p(<p}(the  ex- 
istence of  p - p(<fc)  follows  from  point  4).  Then 


P'(<f)  M<f.  P.  1 )P'2[P  ' P(Y)1.  7’0<cp<0,  (3.12.36) 

p'  (0  — 0)  MO,  l)l^(0)q>'(0)  + t*(2v)-'P(i|>o)I-».  (3.12.37) 

We  will  examine  the  family  F2  of  integral  curves  of  (3.12.36)  at  p(0)  - 0 and 
the  values  of  p'(0  - 0)  obtained  from  (3.12.37)  at  the  given  values  of  Y 
We  will  use  p($,  V °)  to  designate  them.  Let  p^.Y®),  i - 1 and  2,  be  curves 
of  the  family  corresponding  to 

*?.  <♦;<»,.  Hs  (3.12.31)  p(ip?)>p(t5).  p‘( 0,  i^XpMO,  ♦?)• 


Similarly  to  the  proof  of  lemma  1 in  that  case  ire  find  that  p(d>,  Y°)  > 

> p(<t»,  Y °),  P'  Y ’1  ) P'  Y at  all  ^ 2 0 at  which  Pj^qY^)  > 


liverge  for  the  given 


Thus  it  has  been  proven  that  the  curves  of  the  family  F di' 

Y0.  Since  p ■ 0 is  the  solution  of  (3.12.26)  at  p’(0)  - 0.  then  for  the 
curves  F we  have  p($,  Y0)  ^ 0 and  pH^Y0)  > Oat  any  <P  (■  [T  0]  and 

'Y°  t [wo,  wL]. 

We  will  examine  the  set  F^  of  the  values  of  T at  which  the  corresponding 
curves  of  F2  intersect  the  Straight  lines  p - |3(Y°)  at  "5  T^.  That  set 

is  not  empty  (since  £>(w  ) • 0 and  p'(0,  w.)  >0)  and  is  limited  from  below 
by  Y 0 • wq,  since  p(T^t  w^)  <-  Y virtue  of  condition  1.  From  the 

continuous  dependence  of  the  solutions  of  (3.12.36)  on  the  initial  conditions 
the  precise  lower  boundary  "Y  0 of  the  set  F^  belongs  to  F^.  From  the  con- 
trary, similarly  to  point  8,  we  find  that  the  F„  curve  p(<t»,  Y"  °)  correspond  lng 
to  VT  0 satisfies  the  condition  ( -(iffl  °))  ■ T . Since  (Y°)  and  p'(0,  $°) 
are  monotonlcally  decreasing  and  monotonically  increasing  continuous  functions 
of'Y0  at  the  given  values  of  P and  w. , then,  when  condition  1 is  not  fulfilled, 
from  the  divergence  of  the  curves  of  Che  family  F„  follows  the  existence  of 
a unique  value  of"'jr*(0)  (-^(w0»  wj^  such  that  PCT  * "Y  (0))  - (0)). 
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Thus  theorem  2 has  been  proven. 

/Theorem  2/.  Let  the  functions  X,  C and  K satisfy  the  conditions  of  theorem 

1.  Then,  If  condition  1 does  not  occur  under  the  given  boundary  conditions, 

a solution  of  (3.12.26-3.12.31)  exists  and  Is  unique,  where  ’"'K  (0)  (-  (w  , w,  ). 

o 1 

10.  A solution  of  (3.12.26-3.12.31),  when  condition  1 Is  not  fulfilled,  is 
found  similarly  to  that  examined  in  section  10.  The  difference  is  that  here 
(instead  of  searching  for  the  value  of  K ) the  value  of'4r  (0)  is  sought  by 
dividing  the  segment  [w  , w ] in  two.  Assuming  at  first  that~vl/’°  = 1/2  (w  +w  ), 
we  integrate  (3.12.29)  8ndef  the  condition  (3.12.30)  in  order  to  find  the  8or- 
responding  values  of  KOI'  °) , • ( 0,  ‘VK  °)  and  ^(4^°).  Then,  finding  p'(0  - 0, 

4^  ° ) from  3.12.37),  we  integrate  (3.12.36)  at  p(0)  - 0 from  right  to  left, 
depending  on  the  sign  obtained  in  that  case  for  p(T  ,N^°)  (more  or  less  than 
zero),  we  correspondingly  increase  or  decreased  ° until  we  obtain  p(T  ."'K0)  = 

“ -PPK  °)  with  the  prescribed  precision.  By  virtue  of  the  cont inuous°depen- 
dence  on  the  initial  conditions  on  the  segment  T <J)  ^ 0 the  solution  thus 
found  can  be  calculated  with  any  given  precision. 

Thus  the  self-model ing  solution  of  the  problem  under  consideration  makes  it 
possible  during  slight  limitations  on  the  characteristics  of  the  medium  to 
investigate  the  process  of  heat  and  mass  transfer  during  the  freezing  of 
finely  dlpsersed  grounds  with  consideration  of  heaving  and  ice  layer  formation. 
The  proposed  algorithm  for  finding  that  solution  with  any  prescribed  precision 
is  rftther  simply  accomplished  with  any  electronic  computer.  At  the  same  time 
it  must  be  noted  that  the  examination  of  the  process  under  self -model ing  con- 
ditions in  no  way  excludes  the  need  to  solve  the  problems  in  the  general  case. 
This  happens  because  under  arbitrary  boundary  conditions  and  in  a limited  area 
of  investigation  the  character  of  freezing  can  vary  in  the  course  of  time, 
whereas  that  is  excluded  in  the  self-modeling  case.  In  particular,  if  in  the 
self-modeling  case  the  conditions  are  such  that  a layer  forms  during  freezing, 
then  that  formation  occurs  from  the  surface  and  is  not  limited  in  time. 

Comnent  1.  As  was  found  in  the  examination  of  monotonic  freezing  with  heaving 
(point  3)  in  the  presence  of  arbitrary  flxdd  moisture-exchange  characteristics 
[w  , w and  K(w)],  the  existence  of  P<  depends  on  the  amount  of  initial  moisture 
w • ^If  the  indicated  parameters  are  such  that  a solution  of  (3.12.17)  does 
not  exist  at  >■  0 (in  particular,  at  rather  large  values  of  w^  and  T^),  freez- 
ing will  be  accompanied  by  heaving.  However,  if  os*  exists  then,  other  con- 
ditions being  equal,  a value  of  T < 0 is  found  at  which0<*  will  be  a solution 
of  the  entire  problem.  The  value  of  w^  corresponding  to  that  can  serve  as  a 
threshold  of  heaving,  but  only  at  T < T , On  the  other  hand,  Jt  follows 
from  the  above  considerations  that  even  a?  values  of  w rather  close  to  w 
a value  of  T <0  can  be  found  at  which  freezing  will  be  accompanied  by  heav- 
ing. Thus  tRe  cited  proof  once  more  emphasizes  the  fact  that  the  moisture 
content  of  the  heaving  threshold  is  a function  of  the  boundary  conditions. 

This  is  valid  to  a still  greater  degree  in  the  general  case  of  a surface  tem- 
perature which  varies  arbitrarily. 
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13.  Method  of  Solving  the  Stefan  Problem  and  the  Computer  Investigation 
of  Processes  of  Heat  and  Mass  Transfer  During  the  Freezing  of  Rocks 

The  problem  of  the  dynamics  of  freezing  in  the  course  of  time,  even  in  a very 
simple  Stefan  formulation  (with  limitation  of  the  conductive  aspect  of  the 
phenomenon)  belongs  to  the  class  of  very  complex  problems  of  mathematical 
physics.  At  the  present  time  a solution  of  the  Stefan  problem  in  explicit 
form  can  be  obtained  only  in  the  self-modeling  case  of  a unidimensional  prob- 
lem (for  a homogeneous  half-space  with  constant  boundary  conditions,  heat  and 
mass  transfer  characteristics  of  the  ground  in  the  thawed  and  frozen  states 
and  a linear  dependence  of  the  curve  of  unfrozen  water  on  temperature).  It 
is  obvious  that  the  practical  use  of  the  indicated  self-modeling  solution  is 
dlf f icult. 

When  there  are  any  changes  in  the  situation  as  compared  with  the  se If -model ing 
task,  and  also  in  the  multidimensional  case,  only  a numerical  solution  of  the 
corresponding  Stefan-type  problem  can  be  obtained  with  electronic  or  analog 
computers.  Still  greater  difficulties  arise  during  an  attempt  to  take  into 
consideration  moisture  transport  together  with  conductive  heat  transfer. 

The  above-indicated  has  the  direct  result  that  a solution  of  the  problem  of 
freezing  even  in  a unidimensional  formulation  is  impossible  in  general  without 
using  moddrn  computer  technology.  Together  with  that  it  should  be  emphasized 
that  up  to  now  a number  of  the  input  parameters  have  been  determined  with  in- 
sufficient precision.  If  one  takes  into  consideration  also  the  complexity  of 
finding  the  solution  itself,  and  also  the  fact  that  for  purposes  of  forecast- 
ing and  control  of  the  freezing  process  it  usually  is  necessary  to  obtain  only 
approximate  results,  obtaining  approximate  solutions  of  the  problem  of  freez- 
ing remains  extremely  urgent  and  must  be  developed  in  every  possible  way. 

It  also  should  be  borne  in  mind  that  there  recently  has  been  a rapid  develop- 
ment of  experimental  technology  for  determination  of  the  heat  and  mass  transfer 
characteristics  of  the  medium  and  the  refinement  (as  a rule,  in  the  direction 
of  complication)  of  known  concepts  of  varied  phenomena  accompanying  freezing 
and  thawing.  On  the  other  hand,  the  formulation  and  solution  of  the  problem 
of  freezing  in  a very  complete  form,  inevitably  leading  to  the  use  of  electronic 
computers,  stimulate  in  turn  the  development  of  experimental  work.  Thus  the 
realization  of  the  possibilities  being  opened  up  in  the  use  of  electronic  com- 
puters is  in  a certain  sense  connected  with  the  planning  of  experiments,  and 
the  reverse.  A characteristic  example  of  such  interaction  is  the  mathematical 
study  of  the  process  of  moisture  migration  during  freezing,  when  the  formu- 
lation of  the  corresponding  problem  required  from  experimenters  answers  to  a 
number  of  questions  connected  with  the  behavior  of  moisture  on  the  contact  of 
the  thawed  and  frozen  zones.  In  addition,  as  calculations  showed  a substantial 
dependence  of  the  dynamics  of  the  process  on  the  value  of  the  coefficient  of 
potential  conductivity  (dlffusivlty),  the  investigation  of  freezing  in  mois- 
ture-saturated finely  dispersed  grounds  by  means  of  electronic  computers  led 
to  a need  to  develop  new  procedures  for  more  precise  determination  of  that 
parameter,  etc. 
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Taking  into  consideration  what  has  been  said,  one  can  predict  with  confidence 
that  the  application  of  computers  in  the  solution  of  both  multidimensional 
and  unidimensional  problems  connected  with  freezing  (thawing)  will  become 
practically  universal  in  the  very  near  future.  Even  at  present  a consider- 
able number  of  planning  and  prospecting  organizations  are  widely  using  digital 
and  analog  computer  calculations  of  the  Stefan  problem  in  solving  various 
questions.  At  the  same  time,  the  expansion  (both  quantitative  and  qualita- 
tive) of  the  area  of  application  of  computers  in  the  solution  of  various  prob- 
lems in  frost  studies  is  advancing  a number  of  problems  connected  with  the 
effectiveness  of  realization  of  existing  algorithms  for  the  numerical  inte- 
gration of  a Stefan-type  problem  with  a digital  computer.  The  main  difficulty 
arising  in  that  case  consists  in  obtaining  by  computer  reliable  results  of 
computation.  All  this  leads  to  a need  for  analysis  of  available  numerical 
methods  of  solving  unidimens  Iona  1 and  multidimensional  problems  of  the  Stefan 
type  and  presents  important  requirements  from  the  point  of  view  of  obtaining 
and  accomplishing  given  algorithms  for  solution  with  the  prescribed  degree  of 
precision.  The  fact  is  that  during  the  accomplishment  of  algorithms  for  the 
computer  solution  of  a Stefan-type  problem,  besides  the  accumulation  of  various 
errors  arising  at  each  step  of  integration,  the  result  depends  to  an  enormous 
degree  on  the  stability,  convergence,  order  of  approximation  and  other  quali- 
ties of  the  difference  scheme  which  must  be  verified  in  all  cases.  As  is 
known,  in  the  numerical  integration  of  equations  of  the  parabolic  type  both 
explicit  and  implicit  difference  schemes  are  used.  The  former  are  far  sim- 
pler and  the  volume  of  work  [of  the  order  of  0 (1/tP),  where  h is  the  step  on 
the  coordinate]  is  far  smaller  than  in  implicit  schemes,  where  the  volume  of 
work  is  of  the  order  of  0 (1/h).  However,  Implicit  schemes  at  a weight  of 
not  less  than  0.5  are  unconditionally  stable  and  can  be  used  at  any  values  of 
h and  steps  in  timef,  whereas  explicit  (a  weight  equal  to  aero)  are  stable 

only  att  h^,  where  is  the  maximal  value  of  the  thermal  conductivity. 

2* 

In  an  unldinens Iona  1 case  an  explicit  scheme  is  provisionally  stable  at 

— 1 2 

i ^ — - h , It  must  be  borne  in  mind  that  with  respect  to  frost  study  prob- 
2* 

lems  assuring  stability  in  explicit  schemes  is,  as  a rule,  difficult,  because 
of  the  small  values  of  T (in  relation  to  the  total  integration  time). 

It  would  appear,  since  formally  the  precision  of  a sblution  increases  with 
decrease  of  the  integration  step,  it  would  be  advisable  to  select  them  as  small 
as  possible.  However,  with  increase  of  the  number  of  steps  the  volume  of  cal- 
culations* increases  sharply  and,  consequently,  the  total  error  increases  for 
the  entire  Interval  of  integration.  Recently,  in  connection  with  that,  so- 
called  economic  schemes  are  used  more  and  more  often,  schemes  which  combine 
in  themselves  the  best  qualities  of  explicit  (small  volume  of  work)  and  implicit 
(unconditional  convergence)  schemes. 


*It  is  obvious  that  in  problems  with  mobile  boundaries  the  rate  of  movement 
of  which  is  not  known  in  advance,  in  the  process  of  finding  the  movement  of 
the  front  the  corresponding  equations  in  each  zone  must  be  solved  multiply 
in  each  time  layer. 


109 


Finally,  It  must  be  borne  in  mind  that  until  convergence  of  a difference  solu- 
tion toward  a solution  of  the  initial  problem  has  been  demonstrated  and  an 
estimate  is  made  of  the  rate  of  convergence,  it  is  not  at  all  clear  whether 
a digital  computer  solution  is  true.  In  addition,  if  the  question  of  conver- 
gence is  to  be  made  clear,  as  is  often  done  in  practice,  by  contraction  of  the 
grids,  an  incorrect  conclusion  can  be  drawn  about  its  convergence  (the  scheme 
"converges"  but  not  toward  the  solution  of  the  initial  problem). 

Thus  the  use  of  electronic  computers  for  the  numerical  integration  of  problems 
of  the  Stefan  type  presents  a number  of  rigid  requirements  both  for  the  algor- 
ithms themselves  (from  the  point  of  view  of  their  software)  and  for  their 
realization.  As  was  assumed  in  the  theory  of  equations  in  partial  derivatives, 
the  Stefan  problem  can  be  conventionally  divided  into  the  linear  and  the  qua- 
silinear.  The  difference  between  them  is  that  in  the  linear  case  the  coeffi- 
cients of  the  corresponding  equations  are  functions  only  of  the  coordinates 
and  time  (in  particular,  piecewise  constants),  whereas  in  the  quasilinear  case 
they  depend  also  on  the  unknown  functions,  A characteristic  example  of  the 
quasilinear  problem  is  the  freezing  of  finely  dispersed  grounds,  where  in  the 
frozen  zone,  instead  of  the  additive  heat  capacity,  it  is  necessary  to  examine 
the  effective  heat  capacity,  which  varies  by  an  order  of  magnitude  in  the  re- 
gion of  the  main  phase  transitions.  It  must  be  borne  in  mind  that  even  in  the 
linear  case  the  Stefan  problem  is  in  principle  nonlinear  because  of  the  pre- 
sence of  a mobile  Interface.  That  complicates  extremely  the  investigation  of 
particular  and  general  regularities  of  the  processes  connected  with  freezing 
and  thawing,  since  during  any  changes  of  the  boundary  conditions  it  leads  to 
a need  to  make  repeated  calculations.  In  particular,  nonlinearity  of  the 
Stefan  problem,  even  in  the  case  of  linear  equations,  excludes  the  possibility 
of  applying  the  principle  of  superposition  of  solutions  to  it,  etc.  This  ap- 
plies to  a still  greater  degree  to  the  quasilinear  problem,  where  in  the  pro- 
cess of  solution  it  is  necessary  to  use  the  method  of  iterations. 

At  the  present  time  algorithms  for  the  solution  of  heat  and  mass  transfer 
during  freezing  in  Che  unidimensional  case  have  been  very  greatly  worked  out 
and  substantiated.  A comparative  classification  of  methods  of  numerical  so- 
lution of  an  unidimensional  problem  of  the  Stefan  type  is  as  follows.  One  of 
the  most  effective  and  simply  realized  algorithms  for  solutions  of  a linear 
Stefan  problem  is  the  method  of  reducing  it  to  a system  of  ordinary  differen- 
tial equations.  Among  its  merits,  besides  simplicity  of  realization,  is  the 
fact  that  that  method  permits  with  the  prescribed  precision  finding  a solution 
of  the  multifront  problem  with  a varying  phase  state  of  the  water  in  the  case 
of  the  first,  second  and  mixed  (with  geothermal  heat  taken  into  consideration) 
boundary-va lue  problems  in  both  annual  and  perennial  cycles.  A substantial 
advantage  of  that  method  from  the  computational  point  of  view  is  the  fact  that 
the  determination  of  the  rate  of  advance  of  the  interface,  which  is  the  main 
characteristic  of  the  process,  in  contrast  from  any  difference  methods  is 
made  without  extremely  approximate  numerical  differentiation. 

In  the  case  of  a single-front  quasilinear  problem,  if  the  process  of  freezing 
Is  examined  within  the  limits  of  the  time  Interval  in  which  the  mobile  boun- 
dary tawes  monotonically,  the  difference  method  of  "capturing  the  front  in 
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a grid  node."  Its  idea  consists  in  finding  by  means  of  iterations  that  time 
segment  in  the  course  of  which  the  interface  falls  from  one  coordinate  grid 
node  into  another.  In  the  case  of  a multifront  quasilinear  problem,  if  the 
number  of  mobile  boundaries  remains  unchanged,  the  method  of  straightening  of 
fronts  can  be  used.  In  that  case,  as  a result  of  transformation  at  each  step 
in  time,  the  corresponding  zones  are  brought  to  the  segment  (0.1),  and  in  each 
phase  the  equation  of  thermal  conductivity  is  substantially  complicated.  How- 
ever, if  in  the  process  of  freezing  there  can  be  the  formation  or  disappearance 
(degeneration  to  a point)  of  phases,  it  is  advisable  to  find  a solution  of  a 
quasilinear  problem  of  the  Stefan  type  by  the  method  of  smoothing  of  coeffi- 
cients. In  that  case  the  phase  transitions  occurring  on  the  zone  interface 
are  "smeared"  in  a certain  temperature  interval  with  its  center  at  the  criti- 
cal point. 

Finally,  the  last  problem,  and  also  conjugate  problems  (in  particular,  when 
mass  exchange  is  taken  into  consideration  in  connection  with  moisture  migra- 
tion during  freezing  or  the  infiltration  of  volatile  sediments  during  thawing) 
can  be  solved  by  the  straight-line  method  (the  Rote  scheme).  In  that  case  only 
the  derivative  in  time  can  be  replaced  by  a difference  ratio  and  on  each  time 
layer  the  process  is  described  by  a system  of  nonlinear  ordinary  differential 
equations.  It  should  be  emphasized  that  it  was  precisely  that  method  which 
made  it  possible  to  obtain  a numerical  solution  of  the  problem  of  freezing 
with  moisture  migration  with  consideration  of  heaving  and  the  formation  of 
ice  layers. 

The  methods  of  trapping  the  front  in  a "grid  node,"  of  "straightening  fronts" 
and  of  "smoothing  of  coefficients"  have  been  developed  and  are  now  used  in 
the  computer  of  Moscow  State  University.  The  finding  of  a solution  of  prob- 
lems of  the  Stefan  type  by  reduction  to  a system  of  ordinary  differential 
equations  and  the  straight-line  method  has  been  substantiated  and  is  being 
realized  in  practice  at  the  Department  of  Geocryology  of  MSU.  It  must  be 
borne  in  mind  that  in  all  the  enumerated  difference  methods  an  implicit  scheme 
is  used  which  assures  stability  of  solution  practically  independent  of  the 
step  in  time,  where  the  numerical  solution  of  boundary-value  problems  for  the 
control  of  thermal  conductivity  is  accomplished  by  means  of  trial  runs  with 
iterations.  Those  algorithms  make  it  possible  to  find  a solution  in  the  pre- 
sence of  any  nonlinearities  in  the  coefficients  of  equations  and  any  types  of 
boundary  conditions. 

The  situation  is  much  worse  in  the  cast  of  multidimensional  problems.  In  es- 
sence the  only  fairly  well  substantiated  algorithm  for  the  solution  of  multi- 
dimensional problems  of  the  Stefan  type  is  the  method  of  smoothing  of  coeffi- 
cients. In  that  case  the  corresponding  equations  of  thermal  conductivity  in 
the  frozen  and  thawed  zones  are  solved  by  the  Pis  'men-Recorde  method  or  in  ac- 
cordance with  the  economic  locally  unidlmens lonil  scheme  of  Samarskiy  with 
iterations. 

However,  both  the  programing  and  computation  of  multidimensional  problems  on 
modern  model  M-20  computers  present  considerable  difficulties.  It  suffices  to 
say  that  eVen  when  there  is  limitation  of  the  number  of  iterations  the  machine 
time  required  for  computation  of  a single  variant  of  a two-dimensional  problem 
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with  a model  M-20  is  5-10  hours.  The  worst  convergence  usually  occurs  upon 
the  disappearance  or  appearance  of  new  zones. 

Thus  at  present  the  numerical  realization  of  algorithms  for  the  computer  so- 
lution of  multidimensional  problems  is  extremely  laborious.  In  connection 
with  that,  attempts  have  been  recently  made  to  approximately  solve  multi- 
dimensional problems  by  methods  in  a certain  sense  similar  to  the  method  of 
balance  (the  integral-interpolation  method)  (L.  N.  Khrustalev,  M.  A.  Minkin, 

A.  I.  Levkovich  and  Yu.  S.  Pal'kin).  The  idea  of  such  methods  is  loaded  with 
the  method  of  hydraulic  analogies,  widely  applied  in  the  investigation  of 
problems  with  phase  transf ormat i6ns . The  hydraulic  integrator  of  the  system 
of  V.  S.  Luk'yanov  (IGL)  is  a computing  device  very  well  known  in  frost  studies, 
by  means  of  which  a considerable  number  of  various  problems  connected  with 
freezing  and  thawing  have  been  investigated.  It  must  be  emphasized  that  a 
solution  obtained  by  modeling  is  known  to  be  stable,  and  the  only  complexity 
here  consists  in  estimating  the  precision  of  such  a solution.  The  successes 
achieved  by  means  of  the  IGL  and  also  the  simplicity  and  accessibility  of  the 
procedure  for  solution  by  means  of  the  method  of  hydraulic  analogies,  on  the 
one  hand,  and  the  growth  of  computer  technology,  on  the  other,  have  caused 
various  attempts  to  "replace'*  the  hydraulic  integrator  by  electronic  computer 
calculations  to  some  degree  equivalent  (with  precision  with  respect  to  the 
discretisation  of  the  time*  and  increase  of  the  number  of  nodal  points). 

It  is  unconditional  that  in  assuring  stability  in  some  cases  the  results  of 
such  computer  calculations  can  give  not  only  a qualitatively  but  also  a quan- 
titatively sufficiently  correct  result.  However,  because  of  the  above- indi- 
cated difference  between  an  unconditionally  stable  solution  on  an  IGL  and  a 
conditionally  stable  solution  with  an  electronic  computer,  and  also  in  con- 
nection with  the  accumulation  of  errors  and,  as  a result  of  that,  the  impos- 
sibility either  of  assuring  the  prescribed  precision  or  estimating  the  size 
of  the  error  in  the  obtained  solution,  the  indicated  approximate  computer 
metho  is  of  solution  cannot  give  confidence  in  the  result.  Therefore  during 
any  changes,  in  essence  each  such  calculation  must  be  verified  by  comparison 
with  the  solution  of  a similar  problem  on  a model  or  by  means  of  the  above- 
considered  laborious  but  substantiated  methods.  In  addition,  during  the 
computer  Implementation  of  approximate  methods  it  is  necessary  to  monitor  the 
stability  of  the  method  itself  by  making  several  calculations  of  a given  prob- 
lem with  different  correlations  between  the  steps  in  time  and  space.  Never- 
theless such  monitoring  is  only  a necessary  but  not  a sufficient  condition 
of  applicability  of  the  scheme. 

Thus,  approximate  methods  of  solving  Stefan-type  problems  by  computer,  espe- 
cially in  the  unldlmenslonal  case,  when  there  is  a large  volume  of  computa- 
tions and  an  absence  of  software,  cannot  give  complete  confidence  in  the  cor- 
rectness of  the  calculation.  In  addition,  the  coincidence  of  some  data  thus 
obtained  with  the  solutions  known  in  separate  cases  cannot  serve  as  a criterion 
of  the  applicability  of  the  algorithm  in  general  when  there  are  any  changes 


*In  the  method  of  hydraulic  analogies  discretization  is  carried  out  only  with 
respect  to  space. 
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in  the  formulation  of  the  problem  or  in  the  boundary  conditions.  Needed  in 
such  an  approach  is  systematic  verification  of  computer  results  by  means  of 
the  same  computer,  an  analog  computer  or  by  full-scale  modeling,  which  is 
assured  to  a considerable  degree  by  the  use  of  electronic  computers. 

Of  course,  all  that  has  been  said  in  connection  with  the  examination  of  numer- 
ical realization  of  the  scheme  does  not  remove  the  need  for  analysis  of  the 
formulation  of  the  problem  from  the  point  of  view  of  rather  complete  descrip- 
tion of  the  phenomenon  under  consideration.  However,  if  all  the  conditions 
assuring  the  obtaining  of  reliable  computer  results  are  fulfilled,  then  ser- 
ies calculations  of  Stefan-type  problems  can  readily  be  made  by  computer  with 
variation  of  the  input  parameters  and  boundary  conditions  in  a wide  range.  In 
the  final  account  the  use  of  electronic  computers  makes  it  possible  on  the 
basis  of  the  obtained  approved  reference  data  to  determine  the  general  regu- 
larities of  the  formation  and  development  of  processes  of  freezing  and  thawing 
of  rocks  as  a function  of  different  elements  of  the  geological  and  geographic 
medium  and  the  conditions  of  freezing  and,  as  a result  of  that,  approach  a 
solution  of  the  question  of  optimization  in  the  forecasting  and  control  of 
freezing  processes.  In  addition,  it  is  precisely  the  series  computer  calcu- 
lations which  must  become  a reliable  tool  for  the  construction  of  practically 
adequately  precise  and  simple  formulas  for  the  calculation  of  extremely  com- 
plex problems  of  frost  studies. 

Thus  the  use  of  electronic  computers  in  frost  studies  constitutes  one  of  the 
links  of  general  complex  frost  investigations  which  include  field  survey  work, 
stationary  investigations  at  test  areas  and  stations,  full-scale  and  mathe- 
matical modeling  and  laboratory  work  on  the  determination  of  the  composition 
and  properties  of  rocks,  and  also  data  on  the  development  of  simplified 
methods  (approximate  formulas  and  nomograms)  needed  in  conducting  a frost  sur- 
vey under  f'eld  conditions. 
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Chapter  4.  Approximate  Formulas  for  Determination  of  Heat  Cycles  and  the 
Depths  of  Seasonal  and  Perennial  Freezing  (Thawing)  of  Rocks 

1.  Approximate  Formulas  for  Determination  of  Heat  Cycles  and  Depths  of 
Seasonally  Frozen  (Thawed)  Layers 

The  solutions  of  the  Stefan  problem  presented  in  Chapter  3 make  it  possible 
to  illuminate  many  questions  of  frost  studies.  However,  they  can  be  calcu- 
lated only  with  electronic  computers,  which  are  still  not  available  to  all 
institutions  studying  questions  of  frost  studies.  Still  more  important  is  the 
fact  that  calculations  must  be  made  in  the  field  during  the  making  of  a frost 
survey,  when  the  use  of  electronic  computers  is  completely  excluded.  Simul- 
taneously with  that  the  Stefan  problem  solutions  presented  in  Chapter  3 do  not 
reflect  the  clear  connection  of  the  thermophysical  aspect  of  the  freezing 
(thawing)  of  rocks  with  the  geographical  geological  nature  of  that  phenomenon. 
That  linkage  is  possible  only  through  determination  of  the  importance  in  the 
formation  of  the  depths  of  seasonal  freezing  (thawing)  of  rocks  of  character- 
istics which,  being  principal  and  leading,  permit  establishing  the  particular 
and  general  regularities  in  the  formation  of  that  phenomenon  and  classifying 
it.  Such  bajic  class  if icationa 1 character ist ios , as  will  be  shown  in  Chapter 
5,  are  the  annual  amplitude  of  temperatures  on  the  surface  of  the  ground,  the 
mean  annual  temperature  on  the  base  of  the  layer  of  seasonal  freezing  (thaw- 
ing) and  the  composition  and  moisture  content  of  the  ground  (Kudryavtsev,  1959). 

/Approximate  formulas  for  determining  the  depths  of  seasonal  freezing  (thawing) 
of  rocks/.  To  reveal  particular  and  general  regularities  in  the  formation  of 
seasonal  and  perennial  freezing  (thawing)  or  rocks  it  is  necessary  to  obtain  a 
calculating  formula  which  would  make  it  possible  to  link  the  seasonal  <f)  or 
perennial  (‘  ) freezing  (thawing)  of  rocks  with  the  main  c lass  if icat  iona 1 

characteristics.  The  results  of  calculation  with  that  formula  ought  to  give 
a close  convergence  with  the  known  precise  methods  of  solving  the  Stefan  problem. 

The  indicated  four  parameters  enter  the  Fourier  equation  of  thermal  conductivity 
for  periodic  oscillations  on  the  surface  of  the  earth,  but  without  consideration 
of  the  phase  transitions  of  water  during  freezing  of  the  ground  (3.3.4).  We 
will  use  that  equation,  adding  to  it  the  heat  cycles  connected  with  phase  tran- 
sitions of  water.  In  that  case  the  heat  cycles  for  the  envelope  of  the  tem- 
perature curves  (Q  ) will  be  equal  to: 
o 

Qt  = tfc  + Qa. 
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where  Q is  the  heat  cycles  connected  with  the  heat  capacity  of  the  ground 
and  Q is  the  heat  cycles  connected  with  phase  transitions  of  water  in  the 
ground  during  its  freezing  (thawing). 


For  a layer  with  the  thickness  z we  have  W = zQ. 

3 w.  . , p 


As  a result,  if  Qq  is 


expressed  in  accordance  with  (3.3.6),  the  total  heat  cycles  on  the  envelopes 
for  a layer  of  seasonal  freezing  (thawing)  with  the  thickness  $ assume  the 

forin  M t M 

Q0  (2^PC  Q*)s.  (4-1,) 


It  is  advisable  to  write  that  expression  in  the  following  form: 


2H,C. 


where  A.  is  the  reduced  mean  amplitude  for  the  layer  f , which  also  includes 
the  heat  of  phase  transitions  of  water: 


A. 


A 


0* 

2C 


(4.1.2) 


Expression  (4.1.2)  determines  the  effective  amplitude,  which  includes  the  ad- 
ditional term  Q^/2C,  representing  the  conditional  variation  of  amplitude  in 
connection  with  phase  transitions  of  water  in  the  layer  of  freezing  (thawing). 

For  determination  of  the  values  of  A ^ and  A^  in  the  layer  f with  consider- 
ation of  the  phase  transitions  of  water,  assuming  that  = A , we  will 
use  formula  (3.3.7),  introducing  in  accordance  with  out  assumption,  instead 

of  A and  A.  the  expressions  A + Q./2C  and  t,  + Q./2C,  where  tf  is  the  aver- 

o JP  op  J P 3 

age  annual  temperature  on  the  base  of  the  layer  of  seasonal  freezing  (thawing). 
Then  we  have 
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In 
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i.  : 
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(4.1.3) 


from  which  by  means  of  (4.1.2)  we  obtain 

A*,  - 'l  Q» 

, . Q*  2C  • 

,.  r ^ 

» 2C 

The  final  expression  for  determination  of  the  depth  of  seasonal  freezing  (thaw- 
ing) of  the  ground  at  A^.  - X during  the  period  T is  presented  in  the  following 
form  (Kudryvtsev  and  MelameS,  1965): 

f - £ 

2M.  -<,)K  r1  ,/tf 

2.4<p  CUf  + <?*S  -\-y  ~c-  (2AcpC  f Q*) 

■ l-  TacJcTq* 

P (4.1.4) 

*Calculation  of  Q.  with  formula  presented  in  example  1. 
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where 


■McpC  | Q, „ 


(11.5; 


Formula  (4.1.4)  constitutes  a quadratic  equation  with  respect  to  % . It  can 
readily  be  seen  that  its  roots  are  real  and  of  different  signs;  from  physical 
considerations  the  negative  root  is  discarded.  To  estimate  the  precision  of 
the  proposed  formula  the  values  of  f were  determined  by  computer  (Kudryavtsev 
and  Melamed,  1965).  The  maximal  relative  error  in  a rather  large  range  of 
moisture  contents  and  amplitudes  does  not  exceed  5%;  when  the  moisture  con- 
tent decreases  the  divergences  decrease. 

Calculation  of  the  Depth  of  Seasonal  Thawing  (Freezing)  in  the  Case  of  Equality 
of  the  Coefficients  of  Thermal  Conductivity  of  Rocks  in  the  Frozen  and  Thawed 
States  (Example  1) 

The  following  initial  parameters  are  necessary  for  calculation  of  the  depth 

of  the  seasonal  thawing  (freezing):  the  average  annual  temperature  (t  ) and 

the  physical  amplitude  of  the  annual  temperature  oscillations  (A  ) on'the 

surface  of  thawing  (freezing)  rocks,  the  volumetrla  heat  capaciBy  of  thawed 

(frozen)  rock  (C  and  C , ,)  and  its  coefficient  of  thermal  conductivity 

vol-t  vol-f  J 

(X),and  also  the  heat  expenditures  on  phase  transitions  of  water  in  the  rock 

during  freezing  (Q^). 

The  temperature  conditions  on  the  surface  of  rocks  are  determined  in  the  pro- 
cess of  field  frost  investigations  with  consideration  of  the  influence  on  them 
of  various  natural  or  artificial  covers.  The  coefficient  of  thermal  conduc- 
tivity of  rock  with  an  undisturbed  structure  and  natural  moisture,  in  which 
freezing  is  proceeding,  is  determined  by  special  laboratory  or  field  methods. 
The  volumetric  heat  capacity  and  heat  expenditures  on  the  phase  transitions 
of  water  in  nature  are  calculated  on  the  basis  of  calorimetric  determinations 
of  the  specific  heat  capacity  of  the  rocks  (C  ) and  the  quantity  of  unfrozen 
water  in  the  rock  (w  ) at  different  negatlves^eC temperatures,  and  also  of 
field  determinations  of  the  unit  weight  of  the  skeleton  of  the  rocks  (k^)  and 
its  natural  moisture*  (v). 

To  calculate  the  volumetric  heat  capacity  of  frozen  rock  and  the  heat  of  the 
phase  transitions  it  is  necessary  to  know  the  quantity  of  unfrozen  water  in 
the  rock  which  remains  after  freezing  and  does  not  participate  in  the  phase 
transformations.  For  that  purpose  a graph  is  constructed  of  the  variation 
of  the  quantity  of  unfrozen  water  in  the  rock  (w  , %)  as  a function  of  its 
negative  temperature  (-t).  Then  the  average  winder  temperature  on  the  sur- 
face of  the  freezing  rock  is  determined  for  the  given  case  and  the  value  of 
corresponding  to  the  obtained  temperature  is  taken  from  the  graph  of  the 


*The  moisture  content  by  weight  (total)  in  relation  to  a dry  weighted  portion. 
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dependence  of  w on  -t.  The  calculations  of  the  volumetric  heat  capacity 
and  the  quant it^nof  heat  of  the  phase  transformations  of  water  are  made  with 
the  following  formulas: 

r r v o 5 — r'gLv«-  t 1 u “"Vk  kku.i  M3cpad\  (4.1.6) 

t6''  • 100  100 

Cc6r  C).tVcK  (4-1-7> 

Q.  so— — — — , kkq.i/m3.  (4.1.8) 

100 


The  thus  obtained  initial  parameters  permit  going  over  directly  to  calculation 
of  the  depth  of  freezing  (thawing)  of  rock  with  formula  (4.1.4),  which  for 
more  convenient  calculation  under  field  conditions  can  be  written  in  the  fol- 
lowing form:  .. . 

n ) fi  ADE__  ' (4  1.9) 


where 


2D 


D a6,  B UL'  - n’o  — f)6  — 06-';  E t'p  ' <ipa  - t-o6; 


■’cp  : 6;  p (A0-k)o-  v 
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cp^CC  * 


l/7  - 6 Acp  • * 


In 


P_. 
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t,  6 
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T is  a year,  or  8760  hours. 


For  example,  it  is  required  to  calculate  the  depth  of  seasonal  thawing  of  al- 
luvial sandy  loam  if  the  following  are  given:  t - -2°;  A - 12°;  K - 1250 

2 o o sk 

kg/m  ; w - 23%;  C c - 0.18  kca 1/ (kg) (degree) ; - A t - 0.9  kca 1/ (m) (degree) 

(hr).  The  given  determinations  of  are  presented  on  Figure  11. 


iv..  y. 


Figure  11.  Graph  of  w as  a function  Figure  12.  Graph  of  w as  a function 

of  temperature  for  san^y  loam.  of  temperature  for  loanu 
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Solution.  1.  Ue  will  determine  the  volumetric  heat  capacity  of  thawed  loam 
and  the  heat  of  phase  transformations  of  water,  for  which  we  determine  w 
and  the  average  winter  temperature  on  the  surface  t 


un 


wtr 


‘►■nil 

2 

2_  1 2_ 
2 


l'„l  1 A 

2 

- 7°. 


(4.!. 10) 


According  to  the  graph  (Figure  11)  we  find  that  at  t - -7  , w 


Crfj  0,18-1250  1.0 


23  1250 
100 


wtr 

512,5  KKO.i  y.'epad\ 


un 


37. 


fc0  '-’3  •hi:'-o_  20  000  kkcj.Vm3. 

0 100 

2.  We  will  calculate  the  sought  depth  of  the  seasonal  thawing,  making  the 
corresponding  substitutions  in  expression  (4,1.9): 

6.7,  l.c  0,8);  6 19,5;  o 2,21;  j - 5,63; 

P 22,1;  a 26,2;  F.  1646,63;  B - 393,24;  D = 510,9. 

.V3  24  , , ••  •>..;•  j 4 • >10.9  ••  R 393,24  t 1 > .“G_  ( j-  # 

2 ■ 510.9  1021,8 

/Approximate  formulas  for  determination  of  heat  cycles  in  the  layer  of  annual 
temperature  fluctuations/.  Also  determined  from  (4.1.4)  is  the  formula  for 
the  heat  cycles  passing  across  the  surface  of  the  soil  in  a half-year  with 
consideration  of  phase  transitions  of  the  water  in  grounds  during  freezing 
(thawing).  The  heat  cycles  across  the  surface  for  the  layer  of  seasonal 
freezing  are  equal  to 


t 


<?t=  1/2 (A'-t.J  j/ : 


(2Acpa2f  4-  Q£)  Q* 


i/3L 

V nc 
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nC 


(2 Arp  4-  Q(J,) 


(4.1.11) 


In  thawed  grounds  underlying  the  layer  of  seasonal  freezing  the  annual  heat 
cycles  passing  across  the  surface  in  accordance  with  (3.3.9)  are 


Q A - V'UX  [/  22L. 


(1.1.12) 


Summarizing  and  , we  obtain  an  expression  for  the  heat  cycles  acrosss 
the  surface  in  the  layer  of  annual  temperature  fluctuations  H - h + g with 
consideration  of  the  phase  transitions  of  water  during  seasonal  freezing  in 
the  following  form: 


(2AcpCc2f  4*  Qt t> 


2AcpCc 


(2AcpC  4 <?*> 
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(4.1.13) 


Control  calculations  of  the  heat  cycles  with  the  given  formula  made  by  computer 
gave  a convergence  good  enough  for  practical  purposes  (1-5%)  (Kudryavtsev  and 
Melamed,  1965). 


The  annual  heat  cycles  in  the  region  of  seasonal  freezing  of  rocks  are  formed 
of  three  component  parts:  a)  the  portion  of  the  heat  cycle  expended  on  change 
of  the  temperature  of  the  layer  of  seasonal  freezing  (determined  by  the  heat 
capacity  of  the  rocks  of  the  layer);  b)  the  portion  of  the  heat  cycle  expended 
on  the  phase  transitions  of  water  into  the  layer  of  seasonal  freezing  (deter- 
mined by  the  moisture  content  of  the  rocks),  and  c)  the  portion  of  the  heat 
cycle  expended  on  change  of  the  temperature  in  the  layer  of  its  annual  fluctu- 
ations below  the  base  of  the  seasonal  freezing  (determined  by  the  heat  capacity 
of  the  rocks). 


In  the  region  of  propagation  of  permafrozen  rocks  the  annual  heat  cycles  are 
formed  of  four  component  parts:  the  first  three,  corresponding  to  those  enum- 
erated above,  and  a fourth  --  the  portion  of  the  heat  cycle  expended  on  the 
phase  transitions  of  water  in  permafrozen  rocks  lying  in  the  layer  of  annual 
tenperature  fluctuations  below  the  base  of  the  layer  of  seasonal  freezing.  In 
connection  with  that  the  calculation  of  the  annual  heat  cycles  in  permafrozen 
rocks  and  their  seasonal  thawing  has  certain  specifics  in  comparison  with  cal- 
culation of  the  annual  heat  cycles  in  the  region  of  propagation  of  thawed  rocks 
Therefore  we  will  examine  the  simpler  case  first. 


Calculation  of  Heat  Cycles  in  the  Layer  of  Annual  Temperature  Fluctuations 
in  the  Area  of  Seasonal  Freezing  of  Rocks  (Example  ?a ) 


For  convenience  of  calculation  formula  (4.1.13)  can  be  written  in  the  follow- 
ing form:  

Q V2A„  \/  J , (4.1.14) 


where 
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The  parameters  to,  A^,  crev»  A and  necessary  for  calculation  of  the  heat 
cycles  are  determined  in  the  same  manner  as  in  example  1. 

/Example  of  calculation/.  Calculate  the  annual  heat  cycle  in  loams  which 

passes  across  the  surface  of  the  soil  under  the  following  conditions:  A - 17° 

IT  . ■ 1300  kg/m3;  w ” 30%,  C * 0.19  kcal/ (kg) (degree)  and  X f “ A,.  °“ 
sk  spec  *■  t 

“1.0  kcal/ (meter ) (degree) ( hr). 


In  a calorimetric  test  of  a sample  of  loam  to  determine  w at  a negative  tem- 
perature the  following  data  were  obtained  (Figure  12).  Un 
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Solution.  1.  According  to  (4.1.10)  we  determine  t to  be  -7.8°,  at  which 
w » 8%.  We  determine  the  volumetric  heat  capacity  of  loam  and  the  heat  of 
pHSse  transformations  of  water  in  loam  during  its  freezing  and  thawing  with 
formulas  (4.1.6),  (4.1.7)  and  (4.1.8): 


C(6m  247  . 0,5  -22''300-  1,0  — 

100  100 


8 1300 


•194  KKQ.i,:r?epad\ 


Cc«  t . 0, 19  - 1300  -f  J ,0  - 637  KKa,i/M3epcd ; 

100 


<?*  80  • 


_(30_-  6)  1300 
100 


22  880  KKdAjM 3. 


2.  We  determine  the  depth  of  seasonal  freezing  of  loam  with  formula  (4.1.9); 

/lrp^t,6;  C2c  -MO;  6 = 23, 1 G;  g = 2,38;  0 = 9,98;  p = 36,89;  a = 3l,76; 

£ 3706,75;  B - 586,7 1 ; D = 735,56,  1 -=  1 ,88  jk. 

3.  We  calculate  the  sought  value  of  the  annual  heat  cycle  in  loam,  making 
the  corresponding  substitutions  in  formula  (4.1.14): 

Vi  / . o «7  ,m  £» 

V V 3.14  1 31.73 

2.38  r 9.93 -f  1 ,88-23,16 

31952  f-22  577  54  529  kkoa/m1. 


Calculation  of  Heat  Cycles  in  the  Layer  of  Annual  Temperature  Fluctuations 
in  a Region  of  Permaf rozen  Rocks  (Example  2b) 


Annual  temperature  fluctuations  in  a permafrozen  rock  mass  are  caused  by 
changes  of  w in  the  layer  beneath  the  base  of  seasonal  thawing.  Therefore, 
as  has  alreaHj?  been  noted,  the  annual  heat  cycles  in  the  region  of  propagation 
of  permafrozen  rocks  Include  the  heat  of  phase  transitions  of  water  both  in 
the  layer  of  seasonal  thawing  of  rocks  and  in  the  lower-lying  layer  of  frozen 
deposits.  In  that  case  formula  (4.1.13)  for  determination  of  the  annual  heat 
cycles  in  the  layer  h + J of  the  region  of  permafrozen  rocks  assumes  the  form 


Q V2A0 

where 


1 « 

o ' u j- 


A-' 

\ , S _ 

o ""  U - f h\ |> 


. (4  1.15) 
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h is  the  thickness 
frozen  rocks  below 


y 


of  the  layer  of 
the  base  of  the 

amplitude  of  annual  temperature  fluctuations  in  the  layer  h; 
of  phase  transitions  of  water  in  the  layer  h. 


annual  temperature  fluctuations  in  perma- 
layer  of  seasonal  thawing;  B is  the  mean 

Aw  is  the  heat 
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If  the  grounds  of  the  layer  of  seasonal  thawing  differ  substantially  from 
the  grounds  in  the  layer  h in  their  thermophys ica 1 properties,  it  is  advisa- 
ble to  present  the  first  term  in  formula  (4.1,15)  in  the  form  of  two  terms, 
that  is: 

V2A0 1 f }T£'*-  i/2  (A0  -/.)  j/  , 1/2 

Calculation  of  the  annual  heat  cycles  in  permafrozen  rocks  is  complicated  by 
the  fact  that  it  is  also  necessary  to  determine  h and  Aw.  The  values  of  h 
and  Aw  depend  on  the  amplitude  of  the  annual  temperature  fluctuations  on  the 
base  of  the  layer  of  seasonal  thawing  of  rocks  (At),  the  character  of  the 
change  of  w in  the  rocks  during  those  fluctuations  and  the  thermophysical 
properties  of  the  rocks  (A  and  C).  If  w in  rocks  at  high  negative  tem- 
peratures (from  0.0  to  -1.0°)  is  practically  equal  to  zero,  then  the  annual 
heat  cycles  in  permafrozen  rocks  should  be  calculated  with  the  same  formula 
as  for  the  region  of  propagation  of  thawed  rocks.  Such  calculations  are  cor- 
rect for  all  coarsely  dispersed  frozen  rocks  (sands,  gravel  and  gravel-rubble 
soils). 


If  the  annual  heat  cycles  are  calculated  for  finely  dispersed  frozen  rocks 
(sandy  loams,  loams  and  clays),  then  it  is  necessary  to  take  into  consider- 
ation the  phase  transitions  In  the  permafrozen  zone.  In  that  case,  in  order 
to  determine  Aw  it  is  necessary  to  know  the  mean  amplitude  of  the  annual  tem- 
perature fluctuations  on  the  layer  h.  We  will  assume*  that  on  the  base  of  the 
layer  of  seasonal  thawing  of  the  rocks  the  amplitude  of  the  annual  temperature 
fluctuations  is  numerically  equal  to  the  average  annual  temperature,  and  on 
the  base  of  the  layer  h is  practically  equal  to  zero.  The  temperature  envel- 
opes In  the  layer  h can  be  provisionally  replaced  by  straight  lines.  There- 
fore with  a small  allowance  the  mean  amplitude  of  temperatures  on  the  layer  h 
can  be  determined  as  the  arithmetic  mean,  equal  to  1/2  Aj  . Then  the  average 
maximal  tempt -ature  on  the  layer  h will  be  equal  to  1/2  t.  and  the  average 
minimal  as  3/2 , (Figure  13).  The  amount  of  water  participating  in  phase 
transitions  in  a permafrozen  rock  mass  should  also  be  determined  on  the  basis 
of  those  points.  For  that  purpose,  on  the  curve  of  the  dependence  of  w on 
-t  is  taken  the  quantity  of  w at  the  temperature  l/2t|  and  3/2t  j . un  The 
latter  is  deducted  from  the  fopmer  and  the  quantity  of  water  part ic ipat ing  in 
phase  transitions  in  the  frozen  rock  mass  is  obtained.  The  quantity  of  heat 
expended  on  phase  transitions  of  water  in  the  layer  h is 


(<-'h  npH 

Au  = 80 


j 

-H  »P‘<  ~f  ‘i  j Yen 
100 


KKQ.l,  M3. 


(4.1.16) 


The  thickness  of  the  layer  h should  be  determined  as  the  thickness  of  the 
layer  of  seasonal  freezing  (according  to  4.1.4)  under  the  condition  that  A - 
tj  and  A^  on  the  base  of  the  layer  of  annual  fluctuations  is  equal  to  0.1°  ° 
(precision  of  measurement).  In  that  case  the  formula  assumes  the  form 


*Wlthout  consideration  of  the  asynroetry  of  the  temperature  envelopes.  See 
consideration  of  the  latter  in  section  4 of  the  present  chapter. 
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Figure  13.  For  determination  of 

w in  a permafrozen  rock  mass, 
un  r 


A»> 


(4.1  17) 


If  Aw  and  h have  been  determined  in  that  manner,  one  can  readily  calculate 
the  value  of  the  annual  heat  cycles. 


For  example,  we  will  calculate  Q on  a section  composed  of  permafrozen  loams 
for  which  t - -2°  and  A “ 13°  are  known.  The  rocks  are  characterized  by 
the  following  properties?  Y - 1300  kg/m3;  w - 30%,  C - 0.19  kcal/ 

(kg) (degree) ; Af  - At  ■ 1.5  kcal/(m  ) (degree) (hr).  A graph  of  the  depen- 
dence of  w on  -t  is  presented  on  Figure  12. 


Solution.  1.  On  the  graph  of  Figure  12  we  find  the  quantity  of  unfrozen  water 
in  loams  at  temperatures  of  -1  and  -3°  and  determine  Av  In  the  layer  h;  at 


t - -1" 


w " 12%  and  at  t - -3 
un 


w - 10%. 
un 


, l\2  10)  I2"0  , , 

Au  SO 2uN(J  hKu.i'.\r 

ICO 

2.  Assuming  that  Aj  - |t^l  - |t  I - 2°,  from  equation  (4.1.17)  we  find  h, 
having  preliminarily  calculated  with  formula  (4.1.6)  that  C ■ 435  kcal/ 

(m  ) (degree):  VO  "m 
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After  all  the  substitutions  we  determine  that  h - 2.92  m. 


3.  We  calculate  the  depth  of  the  seasonal  thawing  of  loam  on  the  condition 

that  - 1.5  kcal/ (m)  (degree ) (hr ),  cvoi_t  “ ^37  kca 1/ (m^) (degree ) , ~ 

25,000  kcal/m3,  t - -2°  and  A - 13°.  With  the  nomogram  (Figure  17)  we 

’ _ o o 

find  that  4 - 71.5  *1.5  m » 1.8  m, 

4.  We  calculate  the  annual  heat  cycle  In  accordance  with  equation  (4.1.15) 
at  the  following  values  of  the  expressions: 
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Thus  under  the  given  concrete  conditions  the  annual  heat  cycle  through  the 
surface  of  the  soil  is  equal  to  53,167  kcal/m  . 

It  is  evident  from  the  calculation  that  in  the  case  of  seasonal  thawing  of  the 
ground  in  the  layer  h the  heat  cycles  are  expended  not  only  on  the  heat  capa- 
city (in  connection  with  temperature  variation)  but  also  on  the  phase  transi- 
tions of  water  in  permafrozen  grounds.  Therefore  the  annual  heat  cycles  in 
the  region  of  seasonal  thawing  usually  exceed  the  annual  heat  cycles  in  the 
region  of  seasonal  freezing.  However,  it  should  be  taken  into  consideration 
that  the  phase  transition  of  water  in  the  layer  h leads  to  some  reduction  of 
the  layer  h Itself,  which  under  certain  conditions  can  lead  to  decrease  of  the 
heat  cycle  in  comparison  with  its  values  in  the  region  of  seasonal  freezing. 


Determination  of  the  temperature  shift  and  depths  of  seasonal  freezing  (thawing) 
of  rocks  at  f ^t.  If  the  thermophysical  characteristics  of  the  frozen  and 
thawed  grounds  are  different,  that  is,  Xf  f then  during  periodic  temperature 
fluctuations  on  its  surface  a temperature  shift  (^t^)  is  noted  in  the  layer 
of  seasonal  freezing  (thawing).  The  nature  of  that  shift  is  explained  by  the 
fact  that  the  heat  cycles  connected  with  phase  transitions  of  water  in  the 
ground,  and  partially  the  heat  cycles  expended  on  change  of  the  ground  tempera- 
ture (heat  cycles  on  account  of  heat  capacity),  at  temperatures  of  different 
sign  proceed  at  different  thermophysical  characteristics  of  the  frozen  and 
thawed  grounds.  In  that  case  in  calculating  J it  is  necessary  to  take  into  con- 
sideration the  temperature  shift,  which  is  determined  with  the  expression 
(Kudryavtsev  and  Melamed,  1965) 
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(4.1.18) 


where  A is  the  reduced  coefficient  of  thermal  conductivity,  which  can  be 
determined  approximately  with  the  formula 

) _ j-T  V - -'ll  - ^>) 

" V.t.  -•  (4.1  19) 

Having  a formula  for  calculation  of  the  temperature  shift  dt^  we  can  calculate 
the  depth  of  the  seasonal  freezing  (thawing)  at  different  thermophysical  char- 
acteristics of  the  thawed  and  frozen  grounds.  In  that  case  one  should  substi- 
tute t.  - dt^  Instead  of 
instead  of  A : 
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in  formula  (4.1.4),  A d instead  of  A 
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(4.1.20) 
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Thus  the  general  form  of  the  formula  for  calculation  of  the  depth  of  both  the 

seasonal  freezing  and  the  seasonal  thawing  is  one  and  the  same  for  different 

thermal  conductivities.  There  is  a difference  only  in  the  concrete  values  of 

Atv,  A and  A .. 

A’  m red 

Calculations  of  the  depths  of  seasonal  freezing  (thawing)  with  formula  (4.1.4) 
at  f Af  have  been  verified  by  computer  calculations.  The  convergence  of 

the  results  at  £ Is  equal  to  0.5  m and  deeper  is  within  the  range  of  1-3% 
(Kudryavtsev  and  Melamed,  1965). 

Calculation  of  the  Depth  of  Seasonal  Freezing  (Thawing)  at  Different  Coef- 
ficients of  Thermal  Conductivity  of  the  Rocks  in  the  Frozen  and  Thawed  States. 
Application  of  Nomograms  for  Calculation  of  £ (Example  3). 

As  shown  above,  in  the  case  of  inequality  of  the  thermophysical  characteris- 
tics of  rocks  during  their  transition  from  the  thawed  into  the  frozen  state 
and  the  reverse,  in  the  layer  of  seasonal  freezing  or  thawing  a temperature 
shift  At^  forms  which  leads  to  change  of  the  average  annual  temperature  on 
the  base  of  the  layer  of  seasonal  freezing  (thawing)  in  comparison  with  the 
average  annual  temperature  on  the  surface  of  the  soil  (the  calculation  of  At^ 
is  presented  in  example  9 of  Chapter  5).  In  that  case,  a correction  equal  to 
At)(  is  Introduced  into  formula  (4.1.4)  for  the  calculation  of  , as  a result 
of  which  a transcendental  equation  is  obtained.  Because  of  the  complexity 
of  solution  of  the  system  of  obtained  equations  for  determination  of  the  depth 
of  freezing  or  thawing  it  is  advisable  to  use  nomograms,  which  can  be  obtained 
by  means  of  electronic  computers  for  a wide  range  of  input  parameters. 

The  nomograms  (Figures  14-19)  represent  series  of  curves  of  the  variation  of 
the  depth  of  seasonal  freezing  (thawing)  as  a function  of  tta«  variation  of 
four  parameters:  1)  the  volumetric  heat  capacity  of  frozen  rocks  Cvol  ^ (for 

the  case  of  seasonal  freezing)  or  thawed  rocks  (for  the  case  of 

seasonal  thawing);  2)  the  quantity  of  heat  expended  on  phase  tran- 

sitions of  water  during  the  freezing  (thawing)  of  1 cubic  meter  of  rock,  Q,; 

3)  the  amplitude  of  annual  fluctuations  on  the  surface  of  the  soil  A (the 
physical  value  of  the  amplitude  of  the  air  with  consideration  of  the  \nfluence 
of  all  factors  forming  the  temperature  regime  of  the  surface  --  see  chapter  5); 

4)  the  average  annual  tenperature  of  the  rocks  at  the  base  of  the  layer  of 

seasonal  freezing  or  thawing  — tj  (with  consideration  of  the  influence  of 
the  temperature  shift  Atj^).  For  all  cases  in  calculations  of  | in  the  com- 
pilation of  the  nomograms  the  coefficient  of  thermal  conductivity  of  the  rocks 
was  taken  to  be  constant  and  equal  to  1.0  kcal/ (m) (degree) (hr).  This  is  ex- 
plained by  the  fact  that,  as  follows  from  equations  (4.1.4),  f is  directly 
proportional  to  Therefore  any  sought  value  of  J for  rocks  with  a coef- 

ficient of  thermal  conductivity  different  from  unity  will  be  equal  to  the 
value  of  $ found  on  a nomogram  and  multiplied  by  the  square  root  of  the  true 
value  of  the  coefficient  of  thermal  conductivity  of  the  given  rock. 

Depending  of  the  variation  of  C , three  groups  of  series  of  graphs  have  been 
calculated  for  the  following  vaYues  of  Cy  : 300,  500  and  800  kca  1/  (nr ) (degree ). 
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Figure  15.  Nomograms  for  calculation  of  i at* 

v v seasonal 

f “ t “ 1*0  kca 1/ (m) (hr ) (degree) ; 

Cvol  “ 800  kcal/(m3) (degree); 

0^  - 20,000,  25,000,  30,000  and  40,000  kcal/m 
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Figure  17.  Nomograms  for  calculation  of/  at* 
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500  kcal/(m  ) (degree); 


“ 20,000,  25,000,  30,000  and  40,000  kca 1/m 
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The  series  of  graphs  were  calculated  as  a function  of  the  variation 
the  following  values  of  It:  5,000,  10,000,  15,000,  20,000,  25,000, 

30,000,  35,000  and  40,000  kca 1/m3. 

Each  graph  represents  a set  of  curves  expressing  the  variation  of  j 
ordinate)  as  a function  of  the  variation  of  t»  (along  the  abscissa) 
following  constant  values  of  A (written  under  each  curve):  5,  10, 

« Q rtO  O 

and  30  % 

In  order  to  determine  on  the  basis  of  the  nomogram  the  depth  of  seasonal 
freezing  or  thawing  of  rocks,  it  is  necessary  to  know  the  following  five  ini- 
tial parameters:  , Q. , t^,  and  A.  Then  a series  of  graphs  should  be 

selected  for  the  va?ue  bf  Q,,  a series  which  characterizes  the  given  ground. 

In  that  series  a graph  is  selected  which  corresponds  to  the  given  value  of  0^. 
On  the  graph  a curve  is  sought  which  corresponds  to  the  value  of  A^  (the 
physical  meaning).  On  that  curve  the  depth  £ is  determined  as  a function 

of  t,- . Finally,  toobta  in  the  sought  value  o?om  it  is  necessary  to  multiply 
the  value  J by  . For  example,  it  is  necessary  to  calculate  the  depth 
of  the  seasoRal  thawing  of  rocks  at  a construction  site  if  the  following  data 
are  known:  t ” 500  kcal/(m  )(degree);  Q.  - 20,000  kcal/m3;  \ - 1,2 

kcal/(m)(degree)(hr);  tj  - -3.0°;  A “ 15°.  For  that  purpose  we  will  take  a 
series  of  graphs  obtained  for  C ■ 500  kca 1/ (m3 ) (degree ),  In  that  series  we 
select  a graph  corresponding  to  trie  value  Q.  - 20,000  kca  1/m J and  find  a curve 
giving  the  dependence  of  the  variation  of  tne  depth  of  thawing  $ on  the  average 
annual  temperature  on  the  base  of  the  layer  of  seasonal  thawing  tc  for  the 
value  A = 15°.  Then  on  the  axis  of  abscissas  we  find  the  value  of  "ci  equal 
to  -3  , and  from  that  point  we  seek  the  perpendicular  to  the  intersection  with 
the  given  curve  (A  **  15°).  The  ordinate  of  the  point  of  intersection  also  is 
the  sought  depth  o?  thawing  f and  is  1.65  meters.  Finally,  we  multiply  the 
obtained  depth  by  / 1 .2  and  n°  find  that  the  depth  of  the  seasonal  thawing 
at  the  construction  site  is  1.73  meters. 

In  the  case  whe"e  the  initial  values  of  , Q.  and  A^  are  different  from 

those  presented  on  the  graphs,  the  depth  ° ^ must  be  ' found  by  means  of  cor- 
responding interpolations. 

In  cases  where  , Q.  and  Aq  go  beyond  the  limits  of  the  values  adopted  on 

the  nomograms,  thepca leu lat ing  formulas  presented  in  section  1 of  this 

chapter  should  be  used. 

2.  Approximate  Formulas  for  Determination  of  Perennial  Heat  Cycles  and 
Depths  of  Perennial  Freezing  (Thawing)  of  Rocks 

The  perennial  freezing  and  thawing  of  rocks  does  not  differ  in  principle  from 
the  seasonal.  The  difference  consists  only  in  the  length  of  the  period  of 
temperature  fluctuations  on  the  surface  of  the  earth  and  the  need  to  take  into 
consideration  the  influence  of  the  geothermal  gradient.  For  determination  of 
the  regularities  of  the  formation  of  perma frozen  rock  masses  as  a function 
of  geographic  geological  conditions,  such  as:  the  Influence  of  lithological 
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features,  thermophysical  characteristics  and  the  moisture  content  of  rocks, 
the  temperature  conditions  on  the  surface,  the  geothermal  gradient  and  other 
factors  affecting  the  process  of  perennial  freezing  and  thawing,  an  approxi- 
mate formula  is  presented  below.  The  basis  of  that  formula  is  the  scheme  for 
calculation  of  the  depths  of  seasonal  freezing  (thawing)  of  rocks  (4.1.14)  in 
which  It  Is  necessary  to  change  the  length  ofthe  period  of  temperature  fluc- 
tuations on  the  surface,  and  also  take  into  account  the  influence  of  the  geo- 
thermal gradient. 


The  geothermal  gradient  is  taken  into  account  in  the  following  manner.  On  the 
base  of  the  permafrozen  rock  mass  at  the  maximal  depth  of  freezing  (thawing) 
during  the  period  T the  amplitude  of  temperature  oscillations  (physical)  must 
be  equalized  with  the  average  temperature  during  that  period  t . Then, 
as  follows  from  Figure  20  ''perm 

Ml  + g 


where  t^  m is  the  average  temperature  during  the  period  T on  the  surface 
of  the  earth,  °C;  j is  the  maximal  depth  of  the  permanent  freezing 

(thawing),  meters;  g perm  is  the  geothermal  gradient  (degrees/meter). 


Figure  20.  Derivation  of  the  formula 
for  the  depth  of  permafrost. 


If  we  substitute  (4.1.18)  in  (4.1.4)  we  obtain  a formula  for  calculating  the 
depths  of  permafrost  with  consideration  of  g: 


where 
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With  that  formula  calculations  were  made  of  the  permafrost  at  T = 100,000 

years  for  different  values  of  A , Q.,  \,  t and  g.  Simultaneously 

o-perm  p o-perm 

control  calculations  were  made  by  computer  of  the  Stefan  problem  for  the  same 
values  of  those  parameters,  which  show  that  the  divergence  in  depths  does  not 
exceed  8%  (Kudryavtsev  and  Melamed,  1965,  1967), 


In  formula  (4,2,1)  the  numerator  represents  the  heat  cycles  along  the  envelopes. 
If  we  replace  the  coefficient  2 in  the  first  term  in  the  numerator  of  the  right 
side  by  we  obtain  the  heat  cycles  passing  through  the  surface  of  the  ground 
for  a layer  of  permanent  freezing  (thawing): 
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In  the  layer  of  thawed  rocks  underlying  the  permafrozen  rock  mass  the  heat 
cycles  during  the  period  T are  equal  to 
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(4.2.4) 


If  we  sum  up  (4,2,3)  and  (4,2.4)  we  finally  obtain 
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The  calculations  of  Q with  formula  (4,2,5)  were  verified  by  corresponding 
computer  caiculations?ennComparison  of  those  results  showed  that  the  error  of 
calculations  with  the  formula  amounts  to  1 - 2%  (Kudryavtsev  and  Melamed,  1965, 
1967). 


To  facilitate  calculations  with  formulas  (4.2,1)  and  (4.2.5),  nomograms  were 
compiled  (Kudryavtsev  and  Melamed,  1967).  A distinctive  feature  of  the  nomo- 
grams, connected  with  the  presence  of  the  geothermal  gradient,  is  that  with 
increase  of  the  period  of  oscillations  the  maximal  depth  of  freezing  for  the 
given  ground  tends  asymptotically  toward  the  limiting  value.  The  latter  is 
completely  determined  from  a solution  of  the  corresponding  steady-state  prob- 
lem, that  is,  depends  only  on  the  average  temperature  on  the  surface  during 
the  period  and  the  thermal  conductivity  of  the  ground.  Let  us  note  that  the 
time  of  achievement  of  the  limiting  value  increases  with  Increase  :>f  the  geo- 
thermal gradient. 
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Calculation  of  the  Depth  of  Permafrost  (Example  4) 

Determine  the  thickness  of  permafrozen  rocks  if  it  is  known  that  the  perennial 
freezing  of  rocks  occurred  under  the  influence  of  300-year  temperature  fluc- 
tuations on  the  surface  of  the  ground.  The  amplitude  of  those  fluctuations 
is  6°  and  the  average  perennial  temperature  is  0 . Frozen  were  alluvial  de- 
posits (alQ^)  represented  by  sandy  loams  and  loams.  Their  properties  are 
characterized  by  the  following  weighted  average  values:  Af  **  1.0  kcal/(m) 
(degree ) (hr ) ; ^ » 500  kca 1/ (m^ ) (degree)  and  Q = 20,000  kcal/m^.  The  geo- 

thermal gradient  (g)  in  the  frozen  rock  mass  (below  the  layer  of  annual  tem- 
perature fluctuations)  is  0.01  degree/m. 


Solution.  For  calculation  of  the  depth  of  the  permafrost,  formula  (4.2.1) 
can  be  written  in  the  following  form: 
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The  presented  equation  is  transcendental,  since  the  temperature  regime  on  the 
base  of  the  layer  of  permafrost  is  determined  as  a function  of  £ . There- 

fore the  problem  is  solved  by  the  method  of  trial  and  error  --  ^ermident ity 

is  found  at  several  values  of  fc  . 

perm 


1.  We  assume  that  $ 


substitution  in  the  ^equation  will  be  as  follows: 

a joooo.  20_0  ±«Wjqo.at42; 

1000  3,1  A 500 


is  20  m.  Then  all  the  intermediate  calculations  for 
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Identity  was  not  obtained,  as  20  + 33.13  m. 


•42  33,13  m. 


2.  We  assume  that  k ” 50  m.  Then  we  obtain 
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In  this  case  also,  50  f 27.6  m. 


3.  By  a method  of  construction  similar  to  that  which  will  be  analyzed  In 
detail  In  examples  9,  10  and  other,  we  find  (Figure  21)  that  f ^ orm  “ 31.2  m. 
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Figure  21.  For  determination  of  the 
depth  of  permafrost. 


Figure  22.  For  determination  of  the 
potential  seasonal  thawing:  1 - heat 
cycles  at  negative  temperatures  in 
the  layer  of  seasonal  freezing;  2 - 
heat  cycles  at  positive  temperatures, 
determining  the  depth  of  potential 
seasonal  thawing  (if  t^  was  0°). 


3.  Potential  Seasonal  Freezing  and  Potential  Seasonal  Thawing  of  Rocks 

At  positive  annual  average  temperatures  of  the  rocks  the  heat  cycles  in  them 
are  maximally  used  in  the  half-period  of  cooling  for  the  freezing  of  the  up- 
per layer  of  the  rocks.  In  the  ha  If -period  of  warming,  however,  the  heat 
cycles  are  used  to  thaw  the  seasonally  frozen  layer  only  partially,  and  the 
remaining  portion  of  them  is  used  to  warm  the  rocks  above  zero  degrees.  This 
is  obvious,  since  the  heat  cycles  at  positive  and  negative  temperatures  are 
not  equal  and  the  former  considerably  exceed  the  latter  (Figure  22). 

Thus  during  seasonal  freezing  as  much  freezes  as  can  freeze  at  the  given  heat 
cycles;  but  only  that  thaws  which  has  frozen,  regardless  of  the  heat  cycles 
at  temperatures  above  zero  degrees.  The  thawing  of  of  the  upper  horizon  of 
the  frozen  mass  which  would  be  observed  if  there  were  complete  use  of  the 
heat  cycles  at  positive  temperatures  is  called  the  potential  seasonal  thawing. 

A similar  situation  occurs  during  seasonal  thawing.  In  that  case  the  upper 
horizon  of  the  frozen  mass  thaws  which  can  thaw  during  complete  use  of  the 
heat  cycles  at  positive  temperatures.  At  negative  temperatures,  however,  the 
heat  cycles  are  not  completely  used  for  the  freezing  of  the  thawed  layer;  the 
remaining  portion  of  them  is  used  to  lower  the  temperatures  of  the  underlying 
frozen  rocks.  Consequently,  in  that  case  one  can  speak  of  the  potential 
seasonal  freezing  of  rocks. 


One  can  use  for  calculating  the  depths  of  potential  seasonal  freezing  (thaw- 
ing) formula  (4.1.4)  for  the  seasonal  freezing  (thawing),  in  which  the  follow- 
ing substitutions  are  made:  1)  instead  of  the  amplitude  of  temperatures  on  the 
surface  of  the  ground  A the  sum  of  that  amplitude  with  the  average  annual 
temperature  on  the  surface  (A  + t ),  that  is,  in  that  case,  instead  of  A , 
its  actual  value  Is  substituted;  2^  zero  is  substituted  instead  of  t ^ . ° 
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In  that  case  the  formula  will  assume  the  following  form: 
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(4  3.2) 
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The  following  scheme  (see  Figure  22)  is  used  to  explain  the  correctness  of 
that  substitution.  It  is  evident  on  that  diagram  that  at  a certain  positive 
average  annual  temperature  of  the  ground  only  that  portion  of  the  heat  cycles 
is  expended  on  freezing  which  is  completed  at  negative  temperatures  (corre- 
sponding to  the  part  with  the  slanted  hatching).  The  remainder  of  the  heat 
cycles  (the  horizontal  hatching)  must  determine  the  depth  of  potential  seasonal 
thawing  of  the  rocks.  Those  heat  cycles  can  be  used  for  thawing  the  rocks  only 
if  the  entire  rock  mass  is  frozen.  In  the  region  of  seasonal  thawing  that  can 
be  only  at  a zero  average  annual  temperature  of  the  rocks.  In  that  case  the 
amplitude  on  the  surface  of  the  rocks  will  be  equal  to  the  segment  on  the  axis 

of  temperatures  from  t to  0°,  that  is, A + t att  “0.  The  depths  of 
c max  00  m 

both  the  potential  seasonal  thawing  and  the  potential  seasonal  freezing  of 

rocks  can  be  calculated  with  the  indicated  formula. 


Calculation  of  the  Depths  of  Potential  Seasonal  Freezing  and  Potential 
Seasonal  Thawing  of  Rocks.  Calculation  of  Intergelosols  (Example  5) 


Problems  In  the  determination  of  the  depths  of  potential  seasonal  freezing  and 
thawing  of  rocks  arise  in  connection  with  the  dynamics  of  transitional  and 
semi -transitional  types  of  seasonal  freezing  and  thawing,  which  leads  to  the 
formation  of  intergel isols  of  frozen  rocks  or  to  separation  of  permafrozen 
rock  masses.  The  formation  of  frozen  intergelisols,  which  exist  for  a number 
of  years  on  sections  on  which  tabetisols  or  taliks  are  widespread,  and  also 
exist  for  several  years  on  sections  on  which  permafrozen  rocks  are  widespread, 
considerably  complicate  the  conditions  of  construction  and  the  working  of  min- 
erals in  many  regions  of  Siberia  and  the  Far  East.  Therefore  in  doing  frost 
and  engineering  geological  work  a need  arises  for  determination  of  the  con- 
ditions of  formation  and  the  thickness  of  intergelosols  of  frozen  rocks  or 
layers  of  thawed  deposits. 


The  first  part  of  the  problem  consists  in  analyzing  the  concrete  natural  con- 
ditions determining  the  temperature  regime  of  the  deposits  and  determining  the 
character  of  the  dynamics  of  those  conditions.  In  that  case  it  is  necessary 
to  start  from  the  following. 


138 


Intergelosols  of  frozen  rocks  form  and  exist  when  the  average  annual  tempera- 
ture on  the  surface  of  the  soil  (t  ) drops  by  a value  exceeding  the  average 
annual  temperature  of  the  rocks  on  the  base  of  the  layer  of  seasonal  freezing 
t^  , that  is,  tfl  - t jnt  > t| , where  t^  is  the  average  annual  temperature 

on  the  surface  of  the  soil  at  which  the  formation  of  the  intergelosol  starts; 
t and  t.  are  the  perennial  average  annual  temperatures  on  the  surface  of  the 
soil  ana  at  the  depth  of  seasonal  freezing. 


Correspondingly,  the  formation  of  a thawed  layer  of  rocks  separating  the  layer 
of  winter  freezing  from  the  permafrozen  rock  mass  is  determined  by  the  condi- 

tlon  Co  ‘ Vint  < V 

After  investigation  of  the  possibility  of  formation  of  intergelosols  of  frozen 
rocks  (or  a separated  thawed  layer),  their  thickness  forming  in  the  course  of 
a year  or  a number  of  years  is  determined.  For  that  purpose,  in  accordance 
with  the  temperature  regime  established  on  the  surface  of  the  rocks  and  also 
the  composition  and  properties  of  the  rocks,  the  depth  of  the  potential  sea- 
sonal freezing  (or  potential  seasonal  thawing)  of  the  rocks  is  calculated  with 
formula  (4.3.1),  presented  in  the  form 
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Then  with  formula  ^4.1.4)  the  depth  of  the  seasonal  thawing  (freezing)  corre- 
sponding to  t|-  “ 0 and  an  amplitude  of  A - t^  is  calculated  for  the  same 

period  T.  The  difference  between  the  depBh  of°  n the  potential  seasonal 
freezing  and  the  depth  of  the  seasonal  thawing  of  rocks  constitutes  the  thick- 
ness of  the  intergelosol,  and  the  difference  between  the  depth  of  the  poten- 
tial seasonal  thawing  and  the  depth  of  the  seasonal  freezing  of  rocks  --  the 
thickness  of  the  separating  thawed  layer. 

It  must  be  noted  that  a zero  or  very  close  to  zero  average  annual  temperature 
on  the  base  of  the  layer  of  seasonal  thawing  (freezing)  will  exist  only  in 
the  first  ye«r  of  the  formation  of  a frozen  intergelosol  (separating  thawed 
layer).  If,  however,  the  new  temperature  conditions  on  the  surface  of  the  soil 
remain  unchanged  in  the  course  of  a number  of  subsequent  years,  then  on  the 
base  of  the  layer  of  seasonal  thawing  (freezing)  a negative  (positive)  average 
annual  temperature  is  established  which  corresponds  to  the  new  steady-state 
regime.  The  latter  also  must  be  taken  into  account  in  calculations. 
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For  example,  it  is  required  to  calculate  the  thickness  of  the  interge losols 
forming  on  the  lower  terrace  of  a river  if  it  is  known  that  the  perennial 
average  annual  air  temperature  (t  ) i^  -6.2  , the  annual  amplitude  of  air 
temperature  fluctuations*  (A  ) is‘ -22  , and  the  average  perennial  thickness 
of  the  snow  cover  (at  the  enS  of  February)  is  0.7  meter,  and  in  individual 
years  decreases  to  0.5  m.  The  terrace  is  composed  of  silty  sandy  loam  contain- 
ing pebbles,  with  a moisture  content  of  25%  on  the  average. ^ In  addition,  the 
following  data  were  obtained  experimentally:  V - 1350  kg/m  ; A = 1.7  and 
X = 1.2  kcal/ (M)  (degree)  (hr),  and  C - - s 456  and  C = 580  kcal/(iri  ) 

- ^ vo  1 ^ V 0 1 * t- 

(degree)  and  Q,  - 21,600  kcal/m  were  calculated  with  formulas  (4.1.6),  (4.1.7) 
and  (4.1.8).  ^ 

The  surface  of  the  terrace  is  covered  with  spruce  and  deciduous  forest  with  a 
moss  cover  0.1-0.15  meter  thick  which  has  a cooling  effect,  reducing  the 
average  annual  temperature  on  the  surface  of  the  soil  by  1.0°  as  compared  with 


Solution.  1.  We  will  investigate  the  possibility  of  forming  interge lesols  in 
the  given  region  during  change  of  the  thickness  of  the  snow  cover.  For  that 
purpose  we  determine  the  temperature  regime  on  the  surface  of  the  rocks  under 
the  snow  and  plant  covers  (this  question  is  examined  in  greater  detail  in 
examples  10,  11  and  14  of  Chapter  5). 

If  the  thickness  of  the  snow  is  0.7  meter  at  a density  of  0.22  g/cc,  its  warm- 
ing influence  amounts  to  7.4  , calculated  with  the  empirical  formula  of  V.  A. 
Kudryavtsev  (see  example  11,  Chapter  5).  The  average  annual  temperature  on  the 

surface  of  the  soil  will  be  t * t + it  - At  , - where  At  , is  the 

o q snow  plant  plant 

temperature  correction  for  the  influence  of  the  plant  cover. 

Having  calculated  t (t  -6.2  + 7.4  - 1.0  = +0.2°)  and  obtained  a positive 
average  annual  temperature  on  the  surface  of  the  rocks,  it  can  be  concluded 
that  at  a snow  thickness  of  0.7  m or  more  intergelesols  do  not  form  under  the 
Conditions  under  consideration.  However,  in  years  when  the  thickness  of  the 
snow  cover  is  reduced  to  0.5  m the  average  annual  temperature  on  the  surface 
of  the  soil  is  lowered,  as  the  warming  influence  of  the  snow  Is  reduced  to  5.7 
As  a result  of  that  the  annual  average  temperature  on  the  surface  becomes 
negative,  that  is,  t ” -6.2+5. 7-1.0  - -1.5°,  from  which  it  is  evident  that 
in  years  with  winters  with  little  snow  intergelesols  will  form  in  the  thawed 
deposits  of  the  terrace. 


The  temperature  regime  on  the  surface  of  the  soil  at  which  the  thickness  of 
the  intergelesol  should  be  calculated  is  characterized  by:  t^  - -1.5°, 


A'p.cr-22 


5,7  — 1,0—  15,3°. 


*Here  and  henceforth  a physical  value  of  the  amplitude  is  assumed  which  is 
equal  to  half  of  its  meteorological  value  determined  on  the  basis  of  the 
monthly  average  air  temperatures. 


2.  With  formula  (4.3.2)  and  the  nomograms  (Figures  15  and  17)  the  depth  of 
the  potential  freezing  is  calculated,  assuming  that  ty  - 0 , A **  15.3  + 1.5 
“ 16.8  and  substituting  the  following  Initial  parameters  characterizing  the 

frozen  rock  (XM1  Cor,  „,<?*):  /Up  7,66;  1.73;  6 23.68;  o 3.22;  V' 
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3.  Vie  calculate  the  depth  of  seasonal  thawing  in  sandy  loams  under  the  con- 
ditions : 

i O';  Aa  15,3  -1,5  13,h':  A,,,  6,2;  he  1,3;  6 18.62;  a 2.4; 
l7  6,2- 1,3 -8,06;  (1  = 33,12,  a ---24. 82,  E 2600,03;  B 229,75;  D 462,15; 
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4.  Having  determined  the  depth  of  the  potential  seasonal  freezing  and  the 
depth  of  the  seasonal  thawing,  we  calculate  the  thickness  of  the  intergelesol 
of  frozen  rock  formed  per  year:  M ^ “ 2.89  - 2.14  « 0.75  m. 


4.  The  Nature  of  the  Asymmetry  of  the  Envelopes  of  the  Temperature  Fluctuation 
in  Rocks  and  Its  Consideration  in  Determining  the  Depths  of  Seasonal  and 
Perennial  Freezing  (Thawing) 

The  annual  or  perennial  temperature  fluctuations  on  the  surface  of  the  ground 
can  be  represented  with  sufficient  exactness  in  the  form  of  a harmonic  function. 
In  the  absence  of  phase  transformations  those  fluctuations  in  a periodically 
steady-stute  regime  propagate  in  accordance  with  the  Fourier  laws.  In  the 
presence  of  a vertical  axis  of  oscillation  (without  consideration  of  the  geo- 
thermal gradient)  the  deviations  from  it  on  both  sides  are  Identical  and  the 
envelopes  represent  a symnetric  figure. 

In  the  presence  of  a seasonally  freezing  (thawing)  layer  the  course  of  the 
variation  of  temperature  on  its  base  can  with  some  approximation  be  approxi- 
mated by  a harmonic  function  with  the  amplitude  A ^ and  an  average  ground  tem- 
perature t*.  At  different  values  of  and  t coincides  with  the  average 

annual  temperature  on  the  surface  (t  ),  and  In  the  contrary  case  differs  by 
the  amount  of  the  temperature  shift. 

In  accordance  with  that,  a number  of  approximate  formulas  have  been  proposed 
for  the  conditions  of  a periodically  steady-state  regime  for  calculation  of 
the  depths  of  seasonal  and  perennial  freezing  and  thawing  of  the  soil,  and 
also  of  annual  and  perennial  heat  cycles  of  the  soil,  the  temperature  shift, 
the  warming  influence  of  the  snow  cover,  etc  (Kudryavtsev  and  Melamed,  1961- 
1967).  Such  an  approach  to  the  Investigation  of  seasonal  and  perennial  freez- 
ing has  proven  to  be  rather  effective  and  has  made  it  possible  to  solve  a 
considerable  number  of  problems  of  frost  prediction  with  a precision  high  for 
practical  purposes. 
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Figure  23.  Asymmetry  of  the  tempera- 
ture envelopes  during  seasonal  freez- 
ing with  consideration  of  the  phase 
transitions  of  water  (1)  and  in  the 
case  of  "dry"  ground  (2). 


Figure  24.  Dynamics  of  the  depth  of 
seasonal  freezing  (thawing)  of  the 
ground  (1)  and  the  temperature  on  the 
base  of  the  layer  of  seasonal  freez- 
ing (thawing)  in  the  annual  cycle  (2) 
and  in  the  absence  of  phase  tran- 
sitions of  water  (3). 


At  the  same  time,  in  examining  the  data  of  weather  stations  on  observation  of 
the  soil  temperature  regime,  in  a number  or  cases  an  essential  asymmetry  of 
the  temperature  envelopes  is  noted.  In  particular,  during  seasonal  freezing 
(thawing)  of  the  soil  the  one  of  the  envelopes  which  is  in  a region  of  nega- 
tive (positive)  temperatures  is  disposed  much  closer  to  the  mean  than  the  other 
envelope  (Figure  23).  A very  sharply  indicated  asymmetry  is  manifested  when 
there  is  a considerable  moisture  content  of  the  rocks.  The  asymmetry  of  the 
envelopes  during  freezing  (thawing)  of  rocks  is  completely  regular  and  is  com- 
pletely explained  by  processes  of  phase  transformations  of  water  and  with 
adequate  precision  can  be  taken  into  consideration  in  calculations  according 
to  the  procedure  proposed  in  the  present  work  (see  exampel  6,  Chapter  4). 

The  physical  meaning  of  the  asymmetry  of  the  temperature  envelopes  in  the 
presence  of  a seasonally  freezing  (thawing)  layer  at  is  well  illus- 

trated by  Figure  24.  Depicted  on  it  is  the  course  of  change  of  the  depth  of 
seasonal  freezing  (thawing)  of  the  ground  / and  the  temperature  on  the  base 
of  the  layer  of  freezing  (thawing)  tj  in  the  time  T in  the  annual  cycle.  Well 
visible  on  the  drawing  is  the  presence  of  the  so-called  "zero  screen,"  noted 
over  60  years  ago  by  M.  I.  Sumgln,  connected  with  the  phase  transitions  of 
water  in  the  layer  of  freezing  (thawing).  Presented  in  the  same  place  is  the 
course  of  the  variation  of  temperature  in  time  at  the  same  depth  for  the  case 
of  "dry"  ground,  when  phase  transitions  of  water  are  absent.  In  that  case 
the  thermoisoplet  under  consideration  obeys  a harmonic  law,  the  envelopes  are 
symmetric  in  relation  to  the  average  annual  temperature  of  the  ground  and  the 
amplitude  A at  any  depth  z is  determined  in  accordance  with  (3.3.4)  from  the 
following  expression: 

A,  A^'^  . (4-41) 
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where  A is  the  amplitude  of  temperature  fluctuations  on  the  surface  of  the 
ground,'nC,  K is  the  coefficient  of  thermal  conductivity,  in  /hr,  and  T is  the 
period  (year),  hrs. 

Dur  ing  seasonal  freezing  with  phase  transitions  of  water  there  can  be  a more 
sudden  damping  of  temperature  with  depth,  which  is  manifested  clearly  for  the 
branch  embracing  the  region  of  negative  temperatures  (see  Figure  2A).  In  that 
case  at  A . ■=  A,  it  is  of  great  importance  that,  in  spite  of  the  asymmetry  the 
average  annual  temperature  of  the  soil  at  the  depth  f can  be  assumed  to  be 
equal  to  the  average  at  the  surface,  that  is,  t^  - t (in  the  absence  of  a tem- 
perature shift)  and  the  average  temperature  at  the  dipth  of  the  base  of  the 
layer  of  annual  temperature  fluctuations,  that  is,  ty  — t = t (at  small  values 
of  g).  Actually,  by  the  average  annual  soil  temperature  is  understood  the 
value  in  relation  to  which  there  is  equality  of  the  annual  heat  cycles  of  the 
ground.  By  virtue  of  the  fact  that  during  phase  transformations  of  water  the 
course  of  the  temperature  on  the  base  of  the  layer  of  freezing  (thawing)  is  not 
described  by  a harmonic  function,  t cannot  be  regarded  as  the  arithmetic  mean 
between  the  maximal  and  minimal  temperatures  at  that  depth  in  the  course  of 
the  year.  Therefore  afe  t^  it  is  necessary,  generally  speaking,  to  take  the 
me4n  integral  value  on  the  graph  of  the  course  of  temperatures  at  that  depth 
during  the  year  with  consideration  of  the  zero  screen  (Figure  24).  However, 
as  follows  from  the  results  of  numerous  calculations  of  the  depths  of  seasonal 
freezing  (thawing)  with  analog  and  electronic  computers,  at  ■=  the  indi- 
cated mean  integral  value  practically  coincides  with  the  average  annual  tem- 
perature on  the  surface  and  on  the  base  of  the  layer  of  annual  fluctuations. 

Thus,  in  calculating  the  depths  of  seasonal  freezing  (thawing)  with  consider- 
ation of  the  asymmetry  of  the  envelopes  the  average  annual  soil  temperature 
(t  ) in  depth  can  be  assumed  to  be  invariable.  It  is  precisely  because  of 
th*?s  fact  ir.  the  seasonal  freezing  (thawing)  for  the  branch  of  envelopes  dis- 
posed correspondingly  on  the  left  (right)  of  the  axis  of  oscillations,  that 
the  amplitude  of  oscillations  on  the  base  of  the  layer  of  freezing  (thawing) 

is  equal  to  t . 

o 

The  matter  is  somewhat  different  for  the  second  branch.  The  thawing  of  the 
layer  of  seasonal  freezing  which  froze  during  the  winter  starts  from  the  mo- 
ment of  inversion  of  sign  of  the  temperature  on  the  surface  of  the  ground  in 
the  direction  of  positive  temperatures  and  occurs  during  only  a portion  of 
the  "warm"  half-period.  In  the  remaining  time  the  ground  is  warmed  on  account 
of  the  heat  capacity.  That  change  of  the  ground  temperature  can  be  described 
with  adequate  precison  in  accordance  with  the  Fourier  law  with  an  amplitude 
equal  to  A but  a period  smaller  than  a year.  The  latter  is  determined  by  the 
time  Interval  from  the  moment  of  conclusion  of  thawing  to  the  achievement  of 
the  maximal  temperature  on  the  surface.  In  that  case  for  calculation  of  Ay 
with  consideration  of  asymmetry  it  is  necessary  to  find  the  amount  of  curtail- 
ment of  the  period  T , which  can  be  determined  if  the  time  necessary  for  thaw- 
ing the  seasonally  frozen  layer  is  known.  It  can  be  calculated  with  the  for- 
mula for  the  potential  seasonal  freezing  (thawing)  of  the  ground  (4,3.1)), 
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Since  the  depth  of  the  seasonal  freezing  (thawing) f is  a portion  of  tie  depth 
of  the  potential  thawing  (freezing)  , where  the  value  of  I is  directly 
proportional  to  /T  , then  from  the  rhtlo^//  the  time  necfessary  for  thawing 
(freezing)  of  the  layer  of  seasonal  freezing  (thawing)  is  calculated  directly. 


During  the  thawing  of  the  seasonally  frozen  layer  the  heat  cycles  on  its  base, 
proceeding  through  heat  capacity,  will  certainly  be  smaller  than  for  "dry" 
ground.  In  the  latter  case,  as  is  known,  the  heat  cycles  in  the  ground  are 
directly  proportional  to  the  amplitude  of  the  surface  temperature  and  the 
square  root  of  the  length  of  the  period.  The  number  of  heat  cycles  on  the  base 
of  the  layer  of  seasonal  freezing  (thawing)  can  be  reduced  by  reducing  either 
the  amplitude  or  the  length  of  the  period.  Consequently, 


A Vt  A V tc  . 


where  is  the 
ing  (thawing). 


sought  amplitude  on  the  base  of  the  layer  of  seasonal 
Aj  is  determined  from  (4.4.1)  for  the  depth  z •*  i . 


f reez  - 


With  consideration  of  the  above,  the  final  expression  for  the  amplitude  At 
in  the  region  t > t (as  well  as  the  region  t < to)  can  be  presented  in  the 
following  form: 


A, 


(4  4.2) 


Since  the  values 
urea  14-19),  A^ 
example  7). 


of  f and  i entering  (4.4.2)  have  been  nomographed  (see  Fig 
is  calculated  for  concrete  conditions  without  labor  (see 


The  results  of  calculation  of  A^  with  the  proposed  procedure  for  different 
values  of  A , t and  the  ground  moisture  at  A • 0.69  kca 1/ (m ) (hr ) (degree ) and 
C “ 500  kcal/(m  ) (degree)  were  verified  by  comparison  with  the  data  obtained 
with  an  analog  computer.  The  divergences  in  the  values  of  A^  amount  to  less 
than  1%  (Kudryavtsev  and  Melamed,  1972).  See  example  7 for  an  example  of 
consideration  of  asymmetry  in  determining  the  depth  of  propagation  of  annual 
temperature  fluctuations. 


5.  The  Depth  of  Propagation  of  Annual  Temperature  Fluctuations  In  Rock  Masse  * 

According  to  Fourier’s  first  law  (3.3.4)  the  depth  of  propagation  of  annual 
temperature  fluctuations  in  rocks  is  determined  by  the  two  factors  of  (4.4.1) 
--  the  coefficient  of  thermal  conductivity  and  the  amplitude  on  the  surface 
of  the  ground.  The  validity  of  the  law  is  observed  for  regions  where  there 
is  neither  perennial  nor  seasonal  freezing  of  rocks.  During  freezing  the 
phase  transitions  of  water  greatly  distort  that  regularity.  In  that  case  the 
depth  of  propagation  of  the  annual  temperature  fluctuations  (H)  should  be 
considered  the  sum:  H - $ + h,  where  h is  the  depth  of  propagation  of  the 
annual  temperature  fluctuations,  counting  from  the  base  of  the  layer  t *.  The 
depth  $ is  determined  with  formula  (4.1.4).  The  depth  h in  the  region  of 

*Henceforth  for  brevity  we  will  use  the  following  expressions:  the  depth^ 
and  the  layer  ( are  the  depth  and  layer  of  seasonal  freezing  (or  thawing). 
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seasonal  freezing  can  be  calculated  with  formula  (4.4.1),  since  the  phase 
transitions  of  water  are  absent  in  that  layer.  According  to  the  law  indi- 
cated in  (4.4.1)  the  depth  h will  be  determined  by  the  amplitude  of  the  annual 
temperature  fluctuations  on  the  base  of  the  seasonally  frozen  layer  (At  ) and 
the  thermophysical  characteristics  of  the  rocks  in  the  layer  h. 


In  the  absence  of  asymmetry  of  the  temperature  curves  A • m 
In  that  case  in  calculating  h t.  is  substituted  in  (4.4.1) 
precision  of  measurement  of  temperatures). 


must  be  equal  to  t 


instead  of  AQ  (the 


Figure  25.  For  calculation  of  H : a - for  the  case  of  seasonal 
freezing  of  rocks;  b - for  the  case  of  their  seasonal  thawing. 


In  the  presence  of  asymmetry  of  the  temperature  field  the  depth  of  propagation 
of  annual  fluctuations  should  be  examined  separately  for  each  branch  of  the 
envelopes  (Figure  25).  For  the  case  of  seasonal  freezing  in  the  winter  period 
the  amplitude  of  temperature  fluctuations  on  the  base  of  the  layer  f on  the 
branch  of  the  envelope  will  equal  tc  (Figure  25a).  In  accordance  with  that 
the  depth  of  propagation  of  temperature  fluctuations  in  the  winter  period  will 
be  equal  to  h.  For  the  summer  period,  because  of  asymmetry,  the  amplitude  on 
the  base  of  the  layer  of  seasonal  freezing  Aj  will  be  greater  than  tj  and 
must  be  calculated  with  formula  (4.4.2).  The  ddpth  of  propagation  of  annual 
fluctuations  h obtained  for  the  summer  period  will  be  substantially  greater 
than  h and  it  Is  obvious  that  it  is  precisely  h1  which  must  be  taken  into  con- 
sideration in  determining  H;  H ■ f ♦ h^. 

In  the  region  of  permafrozen  rocks  asymmetry  of  the  temperature  field  also  is 
observed  in  the  layer  with  annual  temperature  fluctuations  (Figure  25b).  Cal- 
culation of  the  depth  of  propagation  of  fluctuations  here  has  a certain  dis- 
tinctive feature  in  connection  with  the  fact  that  in  frozen  rocks  underlying 
the  layer  of  summer  thawing  there  is  a change  in  the  amount  of  unfrozen  water 
and,  consequently,  there  are  phase  transitions  of  water.  The  depths  h and  h., 
are  found  with  formula  (4.1.17)  obtained  from  (4.1.14)  for  calculation  of);  . 
In  finding  h the  amplitude  on  the  baseS  is  assumed  to  be  equal  to  1 1-  I ; heat 
expenditures  on  phase  transitions  of  water  in  the  layer  h are  determined  in 
accordance  with  the  curve  of  the  ice  content  and  the  variation  of  temperatures 
with  depth.  The  amplitude  of  annual  temperature  fluctuations  in  the  layer  h 
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varies  from  ty  on  the  surface  of  the  layer  h to  zero  at  its  base.  In  the 
calculation  of  h^  Che  amplitude  at  the  depth  j Is  equal  to  , which  is  cal- 
culated with  (4.4.2).  In  that  case  the  phase  transitions  are  determined  on 
the  basis  of  the  change  of  the  quantity  of  unfrozen  water  in  the  temperature 
range  from  t^^  = tj  - Aj  to  t^  . It  is  obvious  that  H - j + h.;  must  be 

taken  as  the  depth  of  propagation  of  the  annual  temperature  fluctuations.  Ex- 
amples of  the  calculation  of  H are  presented  below. 


Calculation  of  the  Depth  of  Propagation  of  the  Annual  Temperature  Fluctuations 
(H)  in  the  Region  of  Seasonal  Freezing  of  Rocks  (With  and  Without  Consideration 
of  the  Asymmetry  of  the  Temperature  Envelopes  (Example  6) 

Calculate  the  depth  H,  If  in  the  process  of  a frost  survey  on  a section  the 

following  data  were  obtained:  t(  = +3  , A * 15  and  j * 1.8  m.  The 

■*  o max 

upper  part  of  the  profile  to  a depth  of  18-20  m consists  of  alluvial  sandy 
loams,  with  the  following  properties:  A,  “ 1.2  kca  1/ (ffl,)  (hr  ) (degree ) ; K*  *= 

= 0.003  m /hr;  Q,  in  accordance  with  (4.1.4)  is  18,000  kcal/m  . 


Solution.  1.  In  the  case  of  symmetry  of  the  temperature  envelopes,  when 
At  - t«  , the  depth  of  propagation  of  temperature  fluctuations  with  considera- 
tion of  (4.4.1)  is: 


H ? h\  h In  1 / Kr- 

o,i  l n 


(4.5.1) 


h In  --'i-  1 

0.1  ) 

Consequently,  H - 1.8  + 9.8  = 11.6  m 


i!  ,/  0..03.CTO  ^ 9 8 ^ 


(4.5.2) 


‘_L  ( 

, " A 

Is 

A0  ,4  j 

J 

2.  In  the  case  of  asymmetry  of  the  temperature  curves  instead  of  t$,  A«  is 
taken  and  the  depth  H is  determined  in  the  following  manner: 

A . f KT 

H r 1 - /(,;  /I,  = In — s_  1/  Jli-  , 

1 0.1  » a 

where  in  accordance  with  (4.4.2) 

= a;  y i 

where  A^  is  the  amplitude  of  temperature  fluctuations  at  the  depth  § in 

the  summer  period  and  Aj  is  calculated  with  (4.4.1).  For  the  conditions 
characterizing  the  given  section  we  find  that 

' I f 3.14 

Ai  - 15 -e  U * o.no'i-!>7oo  7 2°- 

{ ■ 2.6  m (according  to  the  nomogram  on  Figure  19  at  t - 0°,  A - 15  + 3 - 18°). 

If  we  substitute  the  values  of  A.  . A and/  , we  find  A.  : 

I ’ o * p*  /-sum 


A- 


| 

\1±  ( 

! ■_  3 -V 

2 

2.0  l 

15  h 3 j. 

5.8°. 


*K  • i/C^;in  Chapter  3 K corresponds  to  a . 
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In  — -2.88 

O.l 


1,7  a //  1.8  ! 11.7  13.5 


Thus  It  is  obvious  that  for  the  case  under  cons iderat ion  the  depth  of  propa- 
gation of  the  annual  temperature  fluctuations  in  the  ground,  calculated  with 
consideration  of  the  asymmetry  of  the  temperature  envelopes,  exceeds  by  al- 
most 2 meters  the  depth  calculated  without  consideration  of  asymmetry. 

Calculation  of  the  Depth  of  Propagation  of  Annual  Temperature  Fluctuations 
(H)  in  the  Region  of  Permafrozen  Rocks  (Example  7) 


Calculate  the  depth  H in  the  region  of^propagatlon  of  permafrozen  rocks  if 
the  following  data  are  known:  t|  • -3  , A = 15  ; the  layer  of  seasonal  thaw- 
ing, equal  to  1.6  m,  is  underlain  by  frozen  loams  with  / » 1100  kg/nr;  w “ 

35%,  = 1.5  kca 1/ (m) (hr ) (degree ) ; the  content  of  w in  the  loam  as  a func- 

tion of  -t  is  shown  on  the  graph  (Figure  26).  AccorSing  to  formulas  (4.1.6) 
and  (4.1.8)  C - a An  n = ?a  /.nn  l//»o  1 / rner.onh  Urol  u 


vol-f 


460  kcal/mJ  and  Q ■ 26,400  kcal/m  respectively. 


v "--in 
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Figure  26.  Graph  of  w as  a function 
, _ _ , un 

of  temperature  for  loam. 


Figure  27.  Latitudinal  zonation: 

1 - depth  of  the  seasonal  freezing 
and  thawing  of  rocks;  2 - depth  of 
the  potential  seasonal  freezing  and 
thawing;  3 - depth  of  the  propaga- 
tion of  annual  temperature  fluctu- 
ations. 


Solution.  1.  We  calculate  with  formula  (4.4.2)  the  value  of  A^  (with  con- 
sideration of  the  asymnetry  of  the  temperature  curves),  for  which  we  find 
in  accordance  with  (4.4.1) 


, j 6 1/ 3. 14 

/4j  15  e ‘ v 0.0018,-6 


$ ^ “ 2.4  m (according  to  the  nomogram  on  Figure  19  at  t - 0°  and  Aq  - 15  + 
+ 3 - 18°); 


1 — 

-iAf 

2,4  \ 

18  / 

*In  f ormi la  (4.4,2)  the  absolute  value  of  t.  is  taken  in  all  cases. 


2.  We  determine  the  amount  of  heat  expended  on  phase  transitions  of 

water  in  the  frozen  rock  mass  in  the  layer  h,  (see  Figure  25b).  Since  the  am 
plitude  on  the  base  of  the  layer  of  seasonal  freezing  is  determined  by  the 
value  of  I t. I (for  the  envelope  the  minimal  temperatures  by  depth),  then  it 
is  obvious  that  on  the  surface  of  the  layer  h2  the  phase  transitions  of  the 
unfrozen  water  proceed  in  the  temperature  range  from  0 to  t ■ ti  • A^.  In 
the  given  case  it  is  from  0 to  -10.2  . 

On  the  base  of  the  layer  h2  practically  no  phase  transitions  of  water  occur 
in  the  annual  cycle  of  temperature  fluctuation.  Therefore  it  can  be  assumed 
that  on  the  average  for  the  layer  the  phase  transitions  of  unfrozen  water 
are  determined  by  the  temperature  range  from  l/2t^  to  tj  - 1/2A^.  In  the^ 
case  under  consideration  that  range  is  in  the  temperature  range  of  1.5-6. 6 . 

According  to  the  graph  of  the  dependence  of  the  amount  of  unfrozen  water  in 
loam  on  theotemperature  (Figure  26)  we  find  that  at  t - -1.5  w “ 11%,  and 
at  t - -6.6  , w = 6.2%.  Consequently,  4.8%  of  the  moisture  participates 
in  the  phase  transitions  of  water  in  the  frozen  loam  of  layer  h~.  From  this 
we  find  the  expenditures  of  heat  on  the  phase  transitions  of  water  (&w)  in 
layer  h2: 

a on  1100  4.8  ,ori,  , , 

A w ~ 80 4224  kkcia  m? . 

tl00 


3.  We  find  the  depth  of  propagation  of  the  annual  temperature  fluctu- 
ations in  the  layer  h2  with  formula  (4.1.17):  h2  - 3.8  m. 

Consequently,  the  entire  layer  of  annual  temperature  fluctuations  (H)  with 
consideration  of  the  layer  of  seasonal  melting  (f  ) is:  H - 3.8  + 1.6  » 5.4  m 

The  depths  of  propagation  of  the  annual  temperature  fluctuations  calculated 
with  the  given  procedure  are  used  for  calculation  at  the  depth  of  the  zero 
annual  amplitude  of  the  average  annual  temperature  of  rocks  on  the  basis  of 
single  measurements  of  them  in  wells,  for  the  calculation  of  the  annual  heat 
cycles,  for  determination  of  the  depth  of  core-drilling  wells  dug  during  a 
frost  survey,  etc. 

The  depth  of  propagation  of  annual  temperature  fluctuations  in  rocks  is  sub- 
ject to  geographic  latitudinal  zonation.  The  latter  is  presented  on  Figure 
27.  During  movement  from  southern  regions  northward  seasonal  freezing  of  the 
soil  appears,  the  depth  of  which  increases  in  proportion  to  approach  to  the 
southern  boundary  of  the  region  of  propagation  of  perma frozen  rocks,  where 
it  reaches  its  maximum.  There  the  seasonal  freezing  changes  into  seasonal 
thawing.  During  further  advance  northward  the  depth  of  the  latter  diminishes 

The  depth  of  potential  thawing  in  the  region  of  seasonal  freezing  is  maximal 
in  the  south  and  diminishes  in  proportion  to  movement  northward.  On  the 
southern  boundary  of  the  propagation  of  permafrozen  rocks  it  becomes  equal 
to  the  depth  of  the  seasonal  freezing.  An  analogous  dependence  is  noted  for 
the  depth  of  the  potential  freezing  of  soils  (see  Figure  27). 
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Qualitatively  the  same  regularity  Is  also  observed  for  the  depth  of  propagation 
of  annual  temperature  fluctuations.  In  the  south  and  in  the  north,  where  the 
average  annual  temperatures  differ  sharply  from  zero,  the  depths  of  propagation 
of  annual  fluctuations  are  great  and  reach  15-20  or  more  meters.  Near  the 
southern  boundary  of  propagation  of  permafrozen  rocks,  at  temperatures  close 
to  zero,  the  depth  of  propagation  of  annual  fluctuations  is  limited  to  2 or  3 
meters  beneath  the  base  of  the  layer  of  seasonal  freezing  (thawing).  This  can 
be  illustrated  by  data  for  the  region  of  the  city  of  Salekhard  (see  Figure  6 
and  Chapter  3). 

From  analvsis  of  the  regularities  in  the  propagation  of  temperature  fluctuations 
in  the  ground  mass  it  follows  that  in  a region  of  permafrozen  rocks  the  depth 
H,  other  conditions  being  equal,  will  be  smaller  than  in  a region  of  seasonal 
freezing.  This  is  connected  with  the  phase  transitions  of  water  occurring  un- 
der the  influence  of  the  annual  temperature  fluctuations  in  the  layer  of  perma- 
frozen rock  masses  underlying  the  layer  of  seasonal  thawing. 

Determination  of  the  Average  Annual  Temperatures  of  Rocks  at  the  Depth  of 
Annual  Zero  Amplitudes  on  the  Basis  of  Single  Measurement  of  Temperature  in 
a Well  (Example  8) 

Limitation  of  t without  consideration  of  the  geothermal  gradient.  In  a frost 
survey  in  a well  14  meters  deep  a profile  of  deposits  (alQ^)  was  studied  and 
samples  of  rocks  were  taken  for  determination  of  their  moisture  content,  den- 
sity and  other  properties.  The  characteristics  of  the  rocks  in  the  profile  of 
the  well  are  presented  in  Table  16.  The  depth  of  the  seasonal  thawing  of  rocks 
reaches  2.9  meters  on  the  profile.  After  the  well  had  stood  the  rock  tempera- 
tures were  measured,  the  variation  of  which  by  depth  is  presented  on  Figure  28. 

Table  16  Characteristics  of  rocks  over  the  prefile  in  a well 
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Figure  28.  For  determination 
of  t on  the  basis  of  a single 
measurement  of  temperatures  in 
a well. 


Solution.  To  find  the  average  annual  temperature  of  rocks  at  the  depth  of 
the  zero  annual  amplitude  on  the  basis  of  a single  measurement  of  tempera- 
tures in  a well  it  is  advisable  to  use  Fourier  equation  (3.5.1),  applying  it 
for  the  layer  of  annual  temperature  fluctuations  (h)  below  the  layer  f . The 
problem  is  solved  by  the  method  of  trial  and  error.  From  a temperature  curve 
constructed  on  the  basis  of  the  data  of  measurements  are  taken  the  values  of 
the  temperature  (t)  at  the  proposed  depth  (h),  read  off  from  the  base  of  the 
layer  f . The  values  of  t and  h are  substituted  in  formula  (3.5.1).  The 
calculation  Is  repeated  until  the  selected  values  assure  identity.  In  that 
case  it  is  assumed  that  A . - t.  and  phase  transitions  in  layer  h are  not  taken 
into  consideration. 


1.  Since  the  profile  of  the  deposits  has  a three- layered  structure,  to  find 
t^  it  is  necessary  to  determine  the  weighted  mean  values  of  X and  C on  the 
basis  of  which  the  coefficient  of  thermal  conductivity  K of  layer  h is  cal- 
culated later.  In  the  calculation  of  the  weighted  mean  values  for  the  layer 
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2.  We  will  assume  that  H - 10  meters,  and  then  t^  at  that  depth  in  accordance 
with  Figure  28  is  equal  to  -0.6°.  We  make  the  necessary  substitutions  in 
equation  (3.5.1)  and  the  transformation  with  respect  to  H: 


\/J7~  lnTT: 


„ ^ f 0 ,004  8760  ln  0.6 

•o-2’9-  V — Ti5 


0.1 


15° 


We  find  that  10  j*  2.9  + 3.35  x 1.8,  that  is,  the  depth  of  propagation  of  the 
annual  fluctuations  is  not  10  meters  and  the  average  annual  temperature  does 
not  correspond  to  -0.6  . 

3.  We  will  assume  that  H - 9 meters.  At  that  depth  t “ -0.65  . Upon  sub- 
stitution we  find  that  9 - 2.9  +3.35  x 1.87,  that  is,  9 = 9.1,  which  can  be 
taken  as  identity. 

Consequently,  in  the  given  case  the  depth  of  propagation  of  the  annual  tem- 
perature fluctuations  in  frozen  sands  and  sandy  loams  reaches  9 meters,  and 
the  average  annual  temperature  at  that  depth  is  -0.65°. 

In  cases  where  t^  t and  it  is  impossible  to  neglect  the  phase  transitions 
of  water  in  the  frozen  rock  mass,  the  average  annual  temperature  of  the  rocks 
at  the  depth  of  zero  annual  amplitudes  should  be  determined  on  the  basis  of 
single  measurements  of  temperature  in  wells  only  after  the  depth  H has  been 
found  with  the  calculating  methods  analyzed  in  examples  6 and  7. 

/Determination  of  t with  consideration  of  the  geothermal  gradient/.  The  geo- 
thermal gradient,  obviously,  can  be  determined  from  the  equation: 


where  t^  is  the  temperature  of  the  rocks  at  a certain  depth  h^  (H^  must  be 

at  least* 10  meters  greater  than  h)  and  t^  is  the  average  annual  temperature 
on  the  base  of  the  layer  of  annual  temperature  fluctuations  h. 


In  accordance  with  the  gradient  the  average  annual  temperature  on  the  base  of 
the  layer  of  seasonal  thawing  at  the  known  value  of  t^  will  be: 

= Oi,  — (fh,  — th)  h Lh~" 


If  we  assume  the  condition  that  on  the  base  of  the  layer?  Af  “ t^,  we  can 
write:  * 


/,  -i/JSL  -In 


Therefore,  if  we  have  the  temperature  curve  at  the  moment  of  investigation  in 

the  well,  we  can  by  matching  the  values  of  t and  h find  the  value  of  t.  . 

h 

Thus,  for  example,  in  conducting  a frost  survey  on  section  1 of  a terrace  above 
a flood  plain  composed  to  a depth  of  37  meters  of  a mass  of  alluvial  sandy 
loams  with  a coefficient  of  thermal  conductivity  (<*)  of  0.0036,  the  following 
temperature  distr lbut ion  (Table  17)  was  obtained  in  a well  during  single  mea- 
surements.^ On  the  basis  of  Table  f7  we  will  assume  that  h “ 25  m,  and  then 

t “ -0.8  . We  will  then  assume  that  h ■ 10  in  and  t.  ” il  and  verify 
h^  h 

whether  those  values  give  identity  when  substituted  in  the  equation  for  h: 
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Table  17  Temperature  distribution  in  a well 
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Let  us  be  given  new  values  of  h in  accordance  with  Table 
t • -1,1°.  We  verify  the  presence  of  identity: 
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8 2^8.1,  that  is,  we  practically  have  identity. 


8 m,  when 


Thus  we  find  that  the  average  annual  temperature  of  the  rocks  at  the  depth  h 

is  -1.1°. 
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Chapter  5.  Forecasting  the  Change  of  the  Temperature  Regime  and  the  Depths 
of  Seasonal  Freezing  and  Seasonal  Thawing  of  Rocks 

1.  Classification  of  Types  of  Seasonal  Freezing  and  Seasonal  Thawing  of  Rocks 

The  study  of  regularities  of  the  formation  of  the  temperature  regime  of  rocks 
in  the  layer  of  annual  temperature  fluctuations  is  inseparably  connected  with 
study  of  regularities  in  the  formation  of  the  layer  of  seasonal  freezing  and 
the  layer  of  seasonal  thawing,  since  it  is  precisely  in  those  layers  that  the 
main  part  of  the  thermal  processes  is  realized  which  includes  above  all  the 
annual  heat  cycles  (conductive  heat  exchange)  and  heat  and  moisture  transport 
(convective  heat  exchange).  The  annual  heat  cycles  in  rocks  are  a component 
of  the  radiation  heat  balance  of  the  earth's  surface  and  can  be  represented 
as  a function  of  the  temperature  regime  of  the  surface  and  the  thermophysical 
properties  and  moisture  content  of  the  rocks. 

In  studying  seasonal  freezing  and  thawing  it  is  necessary  to  take  into  consid- 
eration both  the  thermophysical  aspect  of  the  process  and  the  geological  medium 
and  geographic  situation  in  which  it  proceeds,  and  also  their  mutual  connection. 
For  fulfilment  of  that  main  condition  it  is  necessary  to  distinguish  the  most 
generalized  factors  or  signs  determining  the  conditions  and  character  of  the 
seasonal  freezing  and  thawing,  and  classify  the  studied  phenomenon  on  the  basis 
of  them.  Distinguished  as  such  signs  (Kudryavtsev,  1959)  are  the  average  an- 
nual temperature  of  the  rocks,  the  amplitude  of  the  annual  temperature  fluctu- 
ations on  the  surface  of  the  soil  and  the  composition  and  moisture  content  of 
the  rocks. 

The  values  of  the  annual  heat  cycles  of  the  soil,  and  in  particular  that  portion 
of  them  which  is  connected  with  seasonal  freezing  and  thawing,  are  determined 
by  the  aggregate  of  those  four  signs.  Established  in  the  classification  for 
each  of  those  signs  are  the  limits  of  their  changes,  starting  from  the  connec- 
tion of  the  quantitative  values  which  give  a new  quality  of  the  phenomenon 
under  consideration. 

The  first  two  signs,  the  average  annual  temperature  of  the  rocks  and  the  an- 
nual amplitude  of  oscillation  of  the  average  monthly  temperatures  on  their 
surface  are  geographic;  they  are  readily  mapped  on  both  large  and  small  scales. 
The  average  annual  temperature  of  the  rocks  is  subject  to  latitudinal  and 
height  zonations.  The  other  two  signs  (the  lithological  composition  and  the 
moisture  content  of  the  rocks)  are  geological  and  vary  regionally  in  accordance 
with  the  structure  of  the  earth's  crust  and  the  principal  forms  of  the  relief. 
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The  zonal  signs  are  made  the  basis  of  the  classification  and  determine  the 
difference  between  the  seasonal  freezing  and  seasonal  thawing  of  the  soil.. 

The  seasonal  freezing  represents  the  freezing  of  thawed  rocks  having  an  aver- 
age annual  temperature  gbove  0°.  The  layer  of  seasonal  freezing  is  underlain 
by  unfrozen  rocks  and  is  formed  on  account  of  heat  cycles  proceeding  at  nega- 
tive rock  temperatures.  The  seasonal  thawing  represents  the  thawing  of  frozen 
rocks  having  an  average  annual  temperature  below  0 . The  layer  of  seasonal 
thawing  is  underlain  by  permafrozen  rocks  and  is  formed  on  account  of  heat 
cycles  proceeding  at  positive  rock  temperatures. 

As  a result  of  tha t , classification  consists  of  two  parts.  Adopted  as  the 
boundary  separating  seasonal  freezing  from  seasonal  thawing  in  the  classifi- 
cation is  an  average  annual  rock  temperature  of  0°.  But  the  average  annual 
temperature  of  the  air  and  rocks  does  not  remain  constant  from  year  to  year, 
but  fluctuates  continuously.  The  most  frequent  deviations  form  in  the  range 
of  +1  . In  separate  years  they  reach  values  of  +2°.  In  accordance  with  that 
in  the  range  of  0 to  +1°  the  average  annual  temperature  will  periodically  pass 
through  0°  and  assume  negative  and  positive  values.  At  average  annual  tem- 
peratures of  rocks  of  from  +1  to  +2°  and  from  -1  to  -2°  such  a course  will 
also  be  traced,  but  episodically,  in  separate  warm  and  cold  years.  This  deter- 
mines the  need  to  distinguish  the  transitional  and  semitrans it iona 1 types  of 
seasonal  freezing  and  thawing  of  rocks  respectively. 

The  transition  of  the  average  annual  temperatures  of  rocks  in  the  range  from 
+2  to  +5°  into  the  negative,  or  in  the  range  from  -2  to  -5°  into  the  positive 
is  connected  with  the  long  periods  or  sharp  changes  of  heat  transfer  on  the 
surface  of  the  ground.  Therefore  in  the  given  intervals  of  the  average  annual 
temperature  of  rocks  long  stable  types  of  seasonal  freezing  and  types  of  sea- 
sonal thawing  of  rocks  respectively  are  distinguished. 

In  the  temperature  intervals  from  + 5 to  +10°  and  from  -5  to  -10°,  stable  types 
of  seasonal  freezing  and  types  of  seasonal  thawing  of  rocks  respectively  are 
distinguished.  At  a temperature  above  +10°,  southern,  subtropical  and  tropical 
types  of  seasonal  freezing  of  rocks  are  established,  and  at  a temperature  lower 
than  -10^,  arctic  and  polar  types  of  seasonal  thawing  of  rocks. 

Depending  on  the  correlation  of  the  amplitude  and  the  average  annual  tempera- 
ture, also  determined  are  four  unstable  types  of  seasonal  freezing  and  four 
unstable  types  of  seasonal  thawing  of  the  soil  (episodically  and  periodically 
manifested  and  periodically  and  episodically  disappearing). 

The  following  types  are  distinguished  on  the  basis  of  the  amplitudes  of  tem- 
perature on  the  surface  of  rocks:  the  marine  type  with  amplitudes  of  tempera- 

ture of  less  than  7.5  , characteristic  of  the  seacoasts  of  middle  latitudes; 
the  moderately  marine,  with  amplitudes  of  temperature  of  7.5  to  11°  --  on  the 
northern  seacoasts;  the  moderately  continental  with  amplitudes  of  temperature 
of  11  to  13.5°  --  in  the  European  part  of  the  USSR;  the  continental,  with 
amplitudes  of  temperature  of  13.5  to  17°  --  in  the  Western  Siberian  lowland^ 
the  more  intensively  cont inenta lwwith  amplitudes  of  temperature  of  17  to  21 
--  on  the  Central  Siberian  highland;  the  sharply  continental  with  amplitudes 
of  temperature  of  21  to  24°  and  the  especially  sharply  continental  with  ampli- 
tudes of  temperature  above  24°  --  in  the  Northeast  and  in  Zabaykal'ye* 
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A total  of  85  general  geographic  types  of  seasonal  freezing  and  types  of 
seasonal  thawing  of  rocks  have  been  distinguished,  within  each  of  which  it  is 
necessary  to  distinguish  varieties  in  composition  and  moisture  content.  In 
accordance  with  that,  with  respect  to  composition  one  can  distinguish  the  fol- 
lowing main  varieties  of  rocks:  1)  rocky  and  semi-rocky,  fissured  and  weathered; 
2)  gravel-pebble;  3)  rock  debris;  U)  coarse  to  fine  sands;  5)  fine  sands;  6) 
sandy  loams;  7)  loams;  8)  clays;  9)  p' 


With  respect  to  moisture  content  it  is  necessary  to  distinguish  four  gradations 
as  a function  of  the  quantity  of  water  participating  in  the  phase  transitions 
during  the  freezing  and  thawing  of  rocks.  The  first  gradation  at  w < w is 
characterized  by  an  absence  of  phase  transitions  during  the  freezing  of 
grounds.  In  the  following  three  gradations  the  phase  transitions  increase  from 
0 at  w “ w to  a maximum  value  at  w = w . It  is  advisable  to  divide  that 
range  of  phase  transitions  into  three  gradations.  For  the  second  grada- 
tion w < w < w + l/3(w  - w );  for  the  third  gradation  w + l/3(w 

un  un  t un  un  t 

-w  ) < w < w + 2/3(w  - w ) and  for  the  fourth  gradation  w > w + 

un  un  t un  un 

+ 2/3(w^  - w ).  Here  w is  the  natural  moisture  content  of  the  ground,  deter - 
t un 

mined  at  the  moment  of  freezing  (thawing),  w is  the  amount  of  unfrozen  water 
and  wt  Is  the  total  moisture  content. 

Thus  the  number  of  combinations  of  different  values  of  classification  para- 
meters can  reach  a large  value.  From  this,  naturally,  also  flows  a great  vari- 
ety of  depths  of  seasonal  freezing  and  thawing  of  rocks  observed  in  nature. 

One  and  the  same  depth  of  seasonal  freezing  (or  thawing)  of  rocks  at  different 
points  is  explained  by  different  combinations  of  natural  factors  and,  on  the 
contrary,  under  Identical  natural  conditions  different  depths  of  seasonal 
freezing  (thawing)  form.  As  a result  of  the  complexity  of  the  influences  of 
those  factors  the  change  of  one  of  them  in  these  two  cases  leads  to  very  dif- 
ferent results. 

Within  each  type  for  all  the  distinguished  varieties  the  depth  of  seasonal 
freezing  and  thawing  of  rocks  can  be  calculated  with  any  of  the  existing  cal- 
culating formulas.  The  only  requirement  in  that  case  is  expression  of  the 
depth  i through  the  average  annual  temperature  of  the  rocks  and  the  amplitude 
of  temperatures  on  their  surface  with  consideration  of  distinctive  features 
of  the  composition  and  moisture  content  of  the  rocks. 

A very  important  aspect  in  that  approach  is  the  possibility  of  determining  the 
dynamics  of  change  of  both  the  types  of  seasonal  freezing  and  thawing  of  the 
grounds  and  the  depths  corresponding  to  them  in  time  as  a function  of  the 
change  of  concrete  conditions. 

A map  of  the  types  of  seasonal  freezing  and  thawing  of  rocks  compiled  on  the 
basis  of  the  classification  under  consideration  makes  it  possible  to  reflect 
the  regularities  in  the  development  of  the  studied  phenomenon  and  permits  de- 
termining how  at  each  point  a definite  depth  of  freezing  (or  depth  of  seasonal 
thawing)  forms.  If  one  knows  the  character  of  the  change  of  each  factor  of  a 
given  complex  of  conditions  one  can  determine  how  the  depth  of  the  seasonal 
freezing  (or  thawing)  or  rocks  also  changes.  In  addition,  both  the  maximal 
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mean  perennial  depths  and  the  limits  of  their  fluctuations  are  given  on  such 
maps  and  the  character  of  their  variation  in  the  process  of  the  construction 
and  subsequent  operation  of  structures  is  pointed  out.  Therefore  nomograms 
for  the  calculation  of  depths  must  obligatorily  be  attached  to  such  maps  (see 
Figures  14-19). 

The  average  annual  temperature  of  rocks  and  the  amplitude  of  temperatures  on 
their  surface,  and  also  the  composition,  moisture  content  and  thermophysical 
characteristics  of  the  rocks  are  determined  as  a result  of  field  survey  work. 
In  calculations  with  the  formulas  (Chapter  4)  completely  determined  values  of 
the  parameters  are  taken,  and  so  the  results  obtained  with  the  calculations 
are  unambiguous.  Such  an  approach  excludes  the  possibility  of  free  selection 
of  the  values  of  parameters  from  reference  manuals.  The  results  of  calcula- 
tions On  Che  basis  of  parameters  concretely  determined  in  the  field  make  it 
possible  to  verify  the  correctness  of  the  calculations  by  comparing  the  ob- 
tained data  with  the  actual  depths  of  the  seasonal  freezing  and  thawing  of 
the  rocks. 


It  is  an  Important  fact  that  through  the  main  characteristics  adopted  in  the 
classification  the  seasonal  freezing  and  thawing  of  rocks  are  linked  with  the 
general  frost  situation  of  the  region.  Therefore  each  type  of  seasonal  freez- 
ing and  thawing  is  connected  both  with  the  general  character  of  the  type  of 
permafrozen  rock  masses  and  with  distinctive  features  of  the  cryogenic  pheno- 
mena developed  within  its  limits.  In  addition,  the  temperature  conditions  of 
the  rocks  and  the  depths  of  seasonal  freezing  and  thawing  are  connected  with 
the  subfrostal  water?  and  leakage  water  enclosed  in  them.  By  virtue  of  this 
the  map  of  types  of  seasonal  freezing  and  thawing  or  rocks,  besides  its  direct 
task,  makes  it  possible  to  judge  the  general  frost  situation. 


The  interconnection  of  geological,  geographic  and  thermophysical  regularities 
in  the  formation  and  development  of  the  temperature  of  rocks  (tf  and  A ),  the 
depths  of  their  seasonal  freezing  and  thawing  (f^)  and  alrother  charac- 

teristics of  frost  conditions  is  expressed  through  the  influence  of  different 
elements  of  the  natural  environment  on  tj , A and  £ . By  virtue  of  this,  in 
compiling  a frost  forecast  it  is  necessary  to  determine  the  qualitative  and 
quantitative  influence  of  the  principal  components  of  the  natural  environment 
on  the  ’ ndicated  parameters. 


For  a characterization  of  the  temperature  regime  of  the  rocks  in  the  layer  of 
seasonal  freezing  (thawing)  it  is  necessary  to  have  available  the  following 
basic  data:  the  average  annual  temperature  (t  ) and  the  amplitude  of  the 

annual  temperature  fluctuations  under  cover  s (on  the  surface  of  the  soil  (A  ) 
and  the  average  annual  temperature  at  the  depth  ) (t^  ).  The  first  two  char-° 
acteristics  are  formed  under  the  Influence  of  the  radiation  heat  balance  of 
the  surface  of  the  ground  and  the  thermal  effect  of  different  natural  covers 
(snow,  plant  and  water).  The  third  characteristic  (t 5 ) is  formed  under  the 
Influence  of  the  temperature  regime  on  the  surface  of  the  soil,  distinctive 
features  of  the  composition  and  moisture  regime  of  the  rocks  and  thermal  pro- 
cesses (conductive  and  convective)  taking  place  in  the  layer  j . Connected 
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with  convective  heat  exchange  in  the  layer  i is  the  formation  of  a tempera- 
ture shift  on  account  of  the  separating  effect  of  the  infiltered  volatile 
atmospheric  precipitations  or  ground  and  subsurface  waters  (At  ).  Examined 
below  is  the  Influence  of  the  principal  natural  factors  on  the  ^recf ormat ion 
of  the  average  annual  temperature  and  the  depth  of  the  seasonal  freezing  (thaw- 
ing) of  rocks. 

2.  Dependence  of  the  Temperature  Regime  and  Depths  of  Seasonal  Freezing  and 
Thawing  of  Rocks  on  Their  Composition,  Moisture  Content  and  Thermophysical 
Character  1st ics 

The  dependence  of  the  change  of  the  temperature  regime  and  the  depths  of  the 
seasonal  freezing  and  thawing  of  rocks  on  their  lithological  characteristics 
and  moisture  content  is  presented  in  the  following  form. 

Change  of  the  lithological  characteristics  of  the  composition  of  rocks  leads 
primarily  to  change  of  their  thermophysical  properties  --  thermal  conductivity 
and  heat  capacity.  It  follows  from  formula  (4.1.4)  that  / Is  directly  pro- 
portional to  the  square  root  of  the  thermal  conductivity  and  has  a somewhat 
more  complex  dependence  upon  the  heat  capacity.  It  is  evident  from  Table  18 
and  Figure  29  that  when  the  dispersion  of  the  rocks  increases  the  coefficient 
of  thermal  conductivity  decreases.  Therefore,  other  conditions  being  equal, 
the  greatest  depths  of  seasonal  freezing  (thawing)  form  in  coarsely  dispersed 
rocks  and  the  smallest  in  finely  dispersed. 

Table  18  Change  of  the  thermal  conductivity  of  rocks  as  a function  of  their 
mechanical  composition 
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Figure  29.  Change  of  the  coefficient 
of  thermal  conductivity  of  rocks  as  a 
function  of  moisture  content:  1 - 
sand;  2 - sandy  loam;  3 - loam 
a - A,  kca  1/ (m)  (degree)  (hr  ) 


Figure  30.  Change  of  the  depth  of 
seasonal  freezing  and  thawing  of  the 
ground  as  a function  of  moisture 
content. 


It  also  is  generally  known  that  the  thermophysical  properties  of  rocks 
vary  substantially  with  variation  of  their  density,  porosity  and  minera logica 1 
composition.  Denser  rocks  have  greater  thermal  conductivity  and  heat  capacity. 

In  examining  the  lithological  character ist ics  of  the  composition  of  rocks  and 
its  influence  on  the  depth  I it  is  necessary  to  simultaneously  examine  also 
the  moisture  content  of  the  rocks,  since  with  variation  of  it  their  thermo- 
physical  characteristics  also  vary  substantially.  As  follows  from  Table  19  and 
Figure  29,  the  coefficient  of  thermal  conductivity  of  dispersed  rodks  increases 
with  Increase  of  the  moisture  content.  Very  sharp  increase  of  the  thermal  con- 
ductivity of  thawed  rocks  is  observed  in  the  ranges  of  low  moisture  contents 
(up  to  the  maximal  molecular  moisture  content)  and  continues  to  Increase  with 
increase  of  the  moisture  content  to  the  total  moisture  capacity.  Further  in- 
crease of  the  moisture  content  leads  to  disturbance  of  the  contacts  between 
the  mineral  particles,  to  reduction  of  the  density  of  the  rocks  and  therefore 
to  reduction  of  the  thermal  conductivity. 

The  variation  of  the  thermal  conductivity  of  frozen  rocks  in  connection  with 
variation  of  the  moisture  oontent  is  characterized  by  a somewhat  different 
dependence.  Decrease  of  the  thermal  conductivity  of  frozen  rocks  is  observed 
only  at  low  moisture  contents  (up  to  the  maximal  molecular  moisture  capacity), 
when  the  forming  separate  ice  crystals  worsen  the  thermal  contacts.  In  a 1 1 
other  cases  an  increase  of  the  moisture  (ice)  content  of  frozen  dispersed  rocks 
leads  to  increase  of  their  thermal  conductivity.  In  accordance  with  the  lat- 
ter, Increase  of  the  moisture  content  of  the  rocks  ought  to  lead  to  increase 
of  the  depth  of  seasonal  freezing  (thawing).  But  the  moisture  content  of  the 
rocks  has  a very  strong  influence  on  the  depth  £ through  the  phase  transitions 
of  water,  the  percentage  of  the  p«- t ic  lpat  ion  of  which  in  the  total  annual  heat 
cycles  of  the  rocks  reaches  50%  or  more.  In  that  case  the  larger  the  moisture 
content  of  the  rocks  the  more  heat  is  expended  on  phase  transitions  of  water  in 
them  and  the  smaller  the  depth  of  the  seasonal  freezing  (thawing). 

The  general  dependence  of  the  change  of  depth  of  the  seasonal  freezing  (thaw- 
ing) of  rocks  on  their  moisture  content  is  depicted  on  Figure  30.  It  is 
evident  from  the  presented  curve  that  when  the  moisture  content  Increases  from 
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Table  19  Variation  of  the  thermal  conductivity  of  rocks  as  a function 
of  their  moisture  content 
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Key:  A - Rock  B - Volume  weight  of  rock  skeleton  $ , t/m  C - Volume 

weight  of  moist  rock,  /,  ton/m^  D - Total  moilture  capacity,  7° 

E - w during  determination  of  X,  % of  dry  weighed  portion  F - 
X,  kca 1/ (m) (hr ) (degree)  a - frozen  b - thawed 

1 - Fine-grained  sand  2 - Ditto  3 - Light,  silty  sandy  loam  4 - 
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zero  to  w the  depth  i Increases.  This  is  explained  by  the  fact  that  in  that 
case  the  thermal  conductivity  increases  more  than  the  heat  capacity.  In 
that  range  of  moisture  content  all  the  moisture  in  the  rocks  remains  in  the 
liquid  state  at  negative  temperatures.  In  that  case  the  rocks  are  not  frozen. 

At  natural  moisture  contents  of  the  rocks  exceeding  w at  temperatures  below 

0 a portion  of  the  water  freezes.  With  increase  of  the  moisture  content 
in  that  case,  in  the  total  heat  cycle  of  the  rock  there  is  a sharp  increase 
of  the  percentage  of  phase  transitions,  in  connection  with  which  the  depth 

1 increases. 

The  composition  and  moisture  content  of  the  rocks  substantially  determine  the 
depth  of  the  seasonal  freezing  (thawing)  also  in  connection  with  the  tempera- 
ture shift  which  changes  tj  in  comparison  with  t^. 

In  Chapter  4 it  was  pointed  out  that  the  temperature  shift  (At^)  arises  on 
account  of  change  of  the  coefficient  of  thermal  conductivity  of  the  rock  during 
its  transition  from  the  melted  to  the  frozen  state  in  the  process  of  seasonal 
freezing  (thawing).  The  value  of  At^  is  proportional  to  the  difference  of  the 
square  roots  of  the  thermal  conductivities  of  the  frozen  and  thawed  ground, 
and  also  the  value  of  the  annual  heat  cycles.  It  is  known  that  the  greater 
the  ice  content  of  the  rocks  the  more  the  coefficient  of  thermal  conductivity 
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of  the  frozen  rock  differs  from  that  of  the  thawed  rock  (this  dependence  is 
traced  in  Table  19).  On  the  basis  of  that  it  can  he  concluded  that  with  in- 
crease of  the  ice  (moisture)  content  of  the  rocks  the  temperature  shift  (other 
conditions  being  equal)  increases  and,  consequently,  the  average  annual  tem- 
perature on  the  base  of  the  layer  of  seasonal  freezing  (thawing)  decreases. 
Reduction  of  the  average  annual  temperature  of  the  rocks  leads  to  increase  of 
the  depth  of  seasonal  freezing  (reduction  of  the  depth  of  seasonal  thawing). 
Therefore  the  total  influence  of  the  moisture  content  of  the  rocks  on  the 
depth  of  seasonal  freezing  proves  to  be  somewhat  less  than  on  the  depth  of 
seasonal  thawing.  In  the  farmer  case  the  increase  of  the  temperature  shift 
during  increase  of  the  moisture  content  of  the  rocks  compensates  somewhat  the 
reduction  of  the  depth  of  seasonal  freezing  which  occurs  in  connection  with 
increase  of  heat  expenditures  on  phase  transitions  of  water  in  the  rock.  In 
the  latter  case  the  influence  of  the  moisture  content  proves  to  be  maximal, 
since  the  increase  of  the  temperature  shift  and  the  increase  of  the  heat  of 
phase  transitions  in  connection  with  the  increase  of  the  moisture  content  of 

the  rocks  lead  to  reduction  of  the  depth  of  seasonal  thawing. 

Calculation  of  the  Amount  of  the  Temperature  Shift  dt^  (Example  9) 

Calculate  AtA  and  ts  on  the  base  of  the  layer  of  seasonal  freezing  of  rocks 
if  as  a result  of  a frost  survey  the  following  data  were  obtained.  The  area 
with  a surface  in  the  layer  of  annual  temperature  fluctuations  is  composed 

of  alluvial  loams  with  the  characteristics:  if  - 1100  kg/m  ; w = 35%;  ^ = 

* 1.3;  Xt  - 1.0  kca 1/ (m) (hr ) (degree ) ; the  quantity  of  unfrozen  water  in  the 
loam  as  a function  of  the  negative  temperature  varies  according  to  the  graph 
(Figure  31).  The  temperature  regime  of  the  surface  is  determined  with  the 

values  t - 1.8°  and  A - 10°. 

o o 

Solution.  For  calculation  of  the  amount  of  the  temperature  shift  we  use  the 
following  calculating  equation: 

A t)  — - . X ■ (5  2. 1 ) 

T >„p 

which  represents  a particular  case  of  equation  (4.1.18)  under  the  condition 

t < A /2. 
o o 

That  equation  is  transcendental  and  is  solved  by  trial  and  error.  For  that 
purpose  some  values  are  given  for  4tA,  for  example,  -0.5,  -1.0  and  1.5°.  As- 
suming those  values,  all  the  Initial  parameters  (^  and  A ) are  determined  for 
calculation  of  the  right  side  of  the  equation  and  then  depicted  graphically 
are  the  two  equations  x ■ 3t^  and 

(9»  XcpO  XX"  ^ 

T ^np 

where  the  assumed  values  for  dtA,  that  is,  -0.5,  -1.0  and  -1.5  , are  plotted 
on  the  y axis.  The  first  equation  represents  the  bisector  of  the  angle  and 
the  second  is  a certain  curve  obtained  in  calculation  of  the  right  side  of  the 
equation  with  substitutions  corresponding  to  the  given  x.  At  the  point  of 
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intersection  of  the  straight  lines  condition  (5,2.1)  is  accomplished,  and  so 
the  value  ofAt^  at  that  point  also  is  the  unknown  value.  To  solve  that  prob- 
lem we  perform  the  following  actions. 


1.  We  determine  the  thermophysical  characteristics  of  the  loam, 
latlon  of  C 


For  calcu- 


, ^ ^ and  Q . it  is  necessary  to  determine  the  amount  of  unfrozen 
water  in  the  loam.  pThe  average  winter  tempera ture  in  the  layer  of  seasonal 
freezing  of  the  ground,  at  which  w should  be  determined,  is  assumed  to  be 
equal  to  the  average  winter  temperature  at  the  surface  (t^  f).  The  latter 

can  be  considered  approximately  equal  to  1/2  t , (t  . is  the  minimal 
temperature  at  the  surface  of  the  ground): 


^ Vo  Ao)  “ — 4, 1‘ 


With  the  graph  (Figure  31)  we  find  that  w at  t - -4.1°  is  8%.  Then  with 

formulas  (4.1.6),  (4.1.8)  and  (4.1.k9)  we  determine  that: 
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Figure  31.  Graph  of  the  dependence  of  Figure  32.  Graph  for  finding 
w on  the  temperature  in  the  loam.  the  value  of  At^. 


2.  We  find  A with  (4.1.3)  and  i with  the  nomogram  (Figure  17)  and  calculate 
the  right  side  of  equation  (5.2.1)  successively  for  the  assumed  values  of  At^, 
ForAt^  “ -0.5  we  find  A under  the  condition  that  t is  taken  with  consider- 
ation of  /it^: 


A 


CP  ~ 


/{  = 70-f  1.8-0.5-  1,3°. 

!°“  *-3 27  65  27,65  ^5,4°. 

10^  27.65  0.263 


1,3  1-27,65 


We  find  I with  the  nomogram  (Figure  1 7 ) in  accordance  with  the  following  ini- 
tial parameters:  C • 434  kcal/(m  ) (degree),  Q,  - 24,000  kcal/(m3);  t “ 

- 1.3°;  A^  - 10°;  VO  "EX  «■  1.3  kca 1/ (m) (hr)  (degree).  Then 
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1,33 


i.j 


1,33.  I 1,3  1,5  M. 


Now  we  calculate  the  right  side  of  equation  (5.2,1): 

(1,5  3 IS.  I ■ 434  • 24000)  1.3  j ■» 

8760  1.13 

2,2j ■?"  '!3.6  _o,  124  0.K1. 

1 1 760 

Th*  ' calculations  are  made  similarly  for  AtK  = -1.0°  and  At  \ - -1  5C 
obtained  data  are  presented  In  Table  20  and  on  the  graph  (Figure  32) 

Table  20  Ca leu lating  data  for  determining  4t, 

A 


t 

u>.  ^ 

l .•  .ctmuc  i*»nue 

-0.5 

—1.0 

—1.5 

C.*  ^ QiO  I t 

j 

0.84 

^.0,'J97 

1 .13 

T /.np 

Key:  A - Calculating  data 


Figure  33.  Nomogram  for  calculation  of  At., 
a - Q,  keal/nr  b - Af 
b - X , kca i/(tt) (hr ) (degree ) 


It  is  evident  from  Table  20  and  the  graph  (Figure  32)  that  the  sought  value 
of  the  temperature  shift  is  -1.0°. 

Consequently  the  average  annual  temperature  on  the  base  of  the  layer  of  sea- 
sonal freezing  is  tv  * t + ^t^  *■  1.8  - 1.0  = 0.8  and  the  depth  of  the  sea- 
sonal freezing  (£  ) according  to  the  nomogram  (Figure  17)  is  1.63  m. 

In  connection  with  the  complexity  of  solving  such  problems  to  determine  the 
temperature  shift  a nomogram  was  obtained  by  computer.  The  input  parameters 
in  that  case  were  selected  by  starting  from  the  most  frequently  encountered 
cases.  A nomogram  for  determination  of  att  is  presented  on  Figure  33. 

3.  The  Influence  of  the  Snow  Cover  on  the  Temperature  Regime  and  the  Depth 
of  the  Seasonal  Freezing  and  Thawing  of  Rocks 

A snow  cover  leads  to  a change  of  the  heat  exchange  on  the  surface  of  the 
ground.  And  in  that  sense  its  importance  is  varied.  A white  snow  cover  in- 
creases the  albedo  of  the  earth's  surface.  That  leads  to  decrease  of  the  ab- 
sorption of  rddiant  energy  and  a decrease  of  the  average  annual  temperatures 
of  the  rocks. 

At  the  same  time  the  snow  cover,  which  has  low  thermal  conductivity,  as  a heat 
insulator  protects  the  rocks  against  heat  losses  in  the  winter  and  at  the  same 
time  as  it  were  warms  the  rocks  and  leads  to  an  elevation  of  their  average 
annual  temperatures  in  comparison  with  t^. 

In  the  case  when  snow  is  retained  on  the  surface  of  the  ground  after  the  onset 
of  positive  air  temperatures,  delays  are  noted  in  the  thawing  of  the  rocks. 

The  melting  snow  maintains  a zero  temperature  on  the  surface  of  the  rocks  for 
a certain  tii.'e  in  spite  of  the  fact  that  the  air  temperature  is  positive.  This 
leads  to  some  cooling  of  the  rocks  and  a reduction  of  their  average  annual  tem- 
peratures . 

During  the  formation  of  perennial  f irn  basins  and  glaciers  the  temperature  of 
the  underlying  rocks  varies  (in  comparison  with  the  temperature  of  the  rocks 
on  sections  free  of  firn  basins  and  glaciers)  both  in  connection  with  both  the 
change  of  heat  exchange  on  the  surface  on  account  of  change  of  the  albedo  and 
with  the  geothermal  gradient  established  in  the  cover.  In  that  case  an  increase 
of  temperature  with  depth  will  be  noted  in  the  underlying  rocks.  The  differ- 
ence in  temperatures  on  the  surface  of  a glacier  and  in  the  underlying  rocks 
will  be  greater  the  greater  the  thickness  of  the  glacier. 

All  this  varied  influence  of  the  snow  cover  on  the  temperature  regime  of  the 
underlying  rocks  is  depicted  on  Figure  34,  where  it  is  evident  that  with 
change  of  the  thickness  of  the  snow  cover  its  influence  changes  to  the  opposite 
several  times.  Up  to  a thickness  of  the  snow  equal  to  h^  a cooling  influence 
on  account  of  increase  of  albedo  is  noted.  Then,  in  the  range  of  thicknesses 
of  h to  h^,  the  warming  effect  of  snow  as  a heat  insulator  dominates.  At 
thicknesses  of  h^  to  h^  the  cooling  Influence  of  snow  gradually  increases  on 
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Figure  34.  Variation  of  the 
influence  of  the  snow  cover  on 
the  temperature  regime  of  the 
underlying  rocks  as  a function 
of  its  thickness. 

A - Warming  effect;  B - Cooling 
effect 


account  of  delay  of  its  disappearance  in  the  sunnier.  At  a thickness  of  h^ 
that  cooling  influence  Is  equal  to  the  warming  influence  of  the  snow  as  a heat 
insulator.  At  a thickness  of  from  h^  to  h^  the  cooling  effect  of  snow  exceeds 
the  warming  effect.  During  the  formation  of  permanent  f irn  basins  and  glaciers 
simultaneously  with  their  cooling  influence  on  account  of  change  of  the  albedo 
of  the  surface  a warming  influence  on  the  underlying  rocks  is  noted  which  grad- 
ually increases  with  increase  of  their  thickness.  Here  we  have  a clear  ex- 
ample of  manifestation  of  the  dialectical  law  of  transition  of  quantity  into 
qua  1 ity. 

Thus,  in  the  examination  of  regularities  in  the  formation  of  the  temperature 
regime  of  rocks,  besides  qualitative  evaluation  it  is  necessary  to  determine 
the  quantitative  connections  of  those  regularities.  The  latter  in  turn  serve 
for  a better  understanding  of  the  qualitative  connection,  that  is,  examination 
of  the  essence  of  the  question. 

1.  The  Warming  Influence  of  the  Snow  Cover  With  Consideration  of  Heat  Cycles 
in  the  Underlying  Rocks 


The  wanning  influence  of  the  snow  cover,  which  leads  to  increase  of  the  annual 
average  temperatures  of  the  rocks,  can  be  quantitatively  estimated  by  means  of 
the  heat  cycles  passing  from  the  ground  through  the  snow  covers  into  the  atmo- 
sphere in  the  winter.  It  is  obvious  that  those  heat  cycles  will  be  equal  to 
the  heat  cycles  of  the  soil  passing  through  the  surface  of  the  ground  in  the 
same  period.  Those  heat  cycles  are  determined  with  formula  (5.3.1)  if  they 
relate  to  the  period  of  time  from  the  moment  of  onset  of  negative  temperatures 
on  the  surface  of  the  ground  until  inversion  of  the  sign  of  the  heat  cycles, 
that  is,  the  moment  when  heat  emission  by  the  ground  ceases  and  its  warming 
starts : 


Q„  > ",  1 


?>  ; 


U/2  • \ 


- 


>.TC 


'I,  p 1 
^cr 


(5.3.1) 


where  n/2  (A^  - tj ) Cj  are  the  heat  cycles  of  the  layer  of  seasonal  freezing, 
connected  vi?h  the  heat  capacity  of  the  rocks  at  negative  temperatures ; 
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Q J are  the  heat  cycles  on  account  of  phase  transitions  of  water  in  the  layer 

r 


of  seasonal  freezing  ,,/a  1 '■  TC__  '1,p  1 are  the  heat  cycles  pro- 

lV  \ a 'VP 

ceeding  in  thawed  rocks  underlying  the  layer  of  seasonal  freezing  during  the 
time  of  existence  of  negative  temperatures  on  their  surface. 

The  coefficient  n is  determined  from  the  following  equation: 

1 / )T 

i')  A r % ■ tn.wi.  1 I 


n(A„C  ■ Q6)t 


/ /T 

2/1cpC  Uc  (-£<?*  f 1/  — (2/4Cp< C Q, „) 

If  we  solve  that  equation  with  respect  to  n and  substitute  it  in  (5.3.1)  we 
obtain  an  expression  for  determination  of  the  heat  cycles  passing  through  the 
surface  of  the  rocks  during  the  time  of  existence  of  negative  temperatures  on 
the  surface  of  the  ground  before  inversion  of  the  sign  of  Qgrin  Che  following 

«"-T 

, T (|  /p') 

2,*cp/l,c  i-P.I-r  )/  ~ (2A-p  C i- O4,) 

+ T<?»t(,  + ^-)-  <5'«> 

In  that  equation  the  values  of  A , L and  £ are  functions  of  the  average  an- 
nual temperature  of  the  rocks  (t  ).  Therefore  the  heat  cycles  in  the  layer 
| also  are  functions  of  tj  at  the  given  values  of  A , \ , C,  T and  Q,.  The 

number  of  heat  cycles  passing  through  the  snow  cover  is  determined  in^general 
in  the  following  manner: 


^ Jo  _ x 


(5.3.3) 


where  X is  the  thermal  conductivity  of  the  snow,  t is  the  temperature  on 

the  surface  of  the  rocks,  t is  the  temperature  on  the  surface  of  the  snow 

cower,  z is  the  thicknessof  the  snow  cover,  f,  is  the  time,  counted  from 
y sn  l 

the  onset  of  negative  temperatures  on  the  surface  of  the  rocks,  and  is  the 

time  corresponding  to  the  inversion  of  sign  of  the  heat  cycles  on  the^surface 

of  the  rocks. 

If  we  use  the  average  values  of  the  negative  temperatures  on  the  surface  of 

the  snow  cover  (t  ^ and  on  the  surface  of  the  rocks  t^  wtr > also  the 

mean  values  of  the”  thickness  of  the  snow  cover  z w (0.5  z ), 

sn  max 

during  the  time  segment  under  consideration  expression  (5.3.3)  can  be  re-written 
in  the  following  form: 
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(5,'M) 


Qc» 


t 


0,3mm 


' (t,  X,). 

* CM 


If  we  know  the  course  of  variation  of  temperatures  of  the  air  and  snow  cover 

during  the  winter  we  can  determine  t and  z in  accordance  with  the  data 

, , , . , , , sn-wtr.  , sn. 

of  factual  observations.  In  the  absence  of  those  data  t can  be  assumed 

to  be  approximately  two-thirds  of  the  minimal  average  monPhYyrtemperature  of 
the  air  or  surface  of  the  snow  during  the  winter  with  consideration  of  a radi- 
ation correction.  The  value  of  z can  be  assumed  to  be  one-half  of  the  thick- 
ness of  the  snow  cover  corresponding  to  the  moment  of  time  of  inversion  of  the 
sign  of  the  heat  cycles  on  the  surface  of  the  rocks.  However,  the  latter  can 
be  determined  by  linear  interpolation  on  the  basis  of  the  data  of  maximal  thick- 
ness of  the  snow  cover  during  the  winter  for  the  given  geographic  point. 


It  foil  ows  from  the  essence  of  the  thermophysical  process  that  the  heat  cycles 
Q and  Q must  be  equal.  If  we  equate  (5.3.2)  and  (5.3.4)  we  finally  obtain 
tffi  following  equations: 


±(^A-W2A0  \ 

2 ACp  i » 


f >-TC  + 


i f >-T  i / h \ 

>vw  y '«■'  1 ««> 


* 0.3MM 


— (T,  — Tj)  . 


(5.3.5) 


When  that  equation  is  used  the  values  of  A , A , L and  t should  be  re- 

„ ^ . , _ . ..  , , , o . m - 2c  o-wtr 

presented  as  a function  of  t^  in  the  following  form: 

Ao  LiKc  — h'  (5.3.4' 


Acp 


t °t 

*M.)KC  -“‘fc 

' I , . 

‘MIKT  t 

+ !«*-“ 

1 2C 


i / '•  TL 

2«m.kc-2/«)  y — — 


1C 


fee  = 


2/*cpC  + Qq 


(5.3.7) 


(5.3.8) 


(5.3.9) 


When  those  expressions  are  substituted  in  (5.3.5)  the  latter  will 
form  of  a functional  dependence  on  tj  , which  is  the  sought  value 
tlon  is  transcendental  and  complex  and  is  not  solved  with  respect 
solution  is  readily  found  graphically. 


assume  the 
. The  equa- 
te t^  . A 
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When  the  thickness  of  the  snow  cover  is  large  (>  0.5  in)  and  the  thermal  con- 
ductivity of  the  snow  is  low,  formula  (5.3.2)  gives  overstated  values  of  At  . 

In  those  cases  it  is  advisable  to  use  for  calculation  of  At  , instead  of 

on 

(5.3.2),  the  following  formula: 


V ™(A- 


V ' 


V 


>.r  , 


■>c 


= _Jss-r-  I i 

*1  7cb 


nC  , , _?«>  t 

. i/; 


— _ arc  sin  —r~ 

2 Ah 


The  derivation  of  that  formula  and  nomograms  for  calculation  of  At  with  it 
will  be  published  in  "Merzlotnyye  issledovaniya No  16  (1976).  We  will  only 
note  that  the  change  of  height  of  the  snow  cover  is  assumed  to  be  according 
to  a parabolic  law.  In  addition,  the  cooling  influence  of  the  snow  in  spring 
is  neglected. 

Calculation  of  the  Warming  Influence  of  the  Snow  With  Consideration  of  Heat 
Cycles  Passing  Through  the  Surface  of  the  Soil  and  Snow  (Example  10) 

Calculate  the  warming  influence  of  the  snow  cover  on  the  temperature  regime 
of  the  surface  of  rocks*  represented  on  the  Investigated  section  by^sandy 
loams  characterized  by  the  following  data:  w “ 22%,  i * 1320  kg/m  , end  w 
in  the  layer  of  seasonal  thawing  is  4.4%  on  the  averafe.  The  average  annual 
air  temperature  is  -10.5°  and  A is  22  (on  the  basis  of  average  monthly  val- 
ues). The  thickness  of  the  snow  cover  on  the  section  at  the  moment  of  the 
spring  inversion  of  sign  of  the  heat  cycles  (at  the  end  of  March  or  start  of 
April)  is  0.2  m.  Its  average  density  is  0.29  g/cc.  The  time  starting 
from  the  moment  of  stable  transition  of  temperature  on  the  surface  of  the  soil 
through  0°  (it  is  assumed  that  it  coincides  with  the  moment  of  establishment 
of  the  snow)  to  the  mo*ent  of  the  spring  inversion  of  sign  of  the  heat  cycle 
through  the  snow  is  4750  hours. 

Solution  1.  We  examine  Q and  Q at  At  - 2°.  Then  t,  “ t “ t ♦ t 

gr  sn  sn  1 o a sn 

- -10.5  + 2.0  - -8.5°;  A - A At  - 22  - 2 - 20°.  If  we  assume  that 

o a sn 

tA  - 2/3  t„  . (t„  . is  the  minimal  temperature  on  the  surface  of  the 

0-wtr  0-min  0-min  ^ 

soil  under  snow),  that  is,  t„  . - 2/3  (t  - A ),  we  find  that  t_  . - 2/3 

’ 0-min  o o 0-wtr 

(-8.5  - 20)  - -19°.  For  the  calculation  of  A we  determine  C , . with  (4.1.7) 

m vol-t 


*ln  calculations  of  A ancj  J Q and  Q , t “ t.  and  is  taken  on  the  basis 

m 2c  gr  sn  o J 

of  the  absolute  value,  without  considering  the  sign. 
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and  Q with  (4.1.8):  C ^ 550  kca 1/ (m3) (degree ) and  Q = 18,600  kcal/m. 

VO  1 - 1 <p 

On  the  basis  of  meteorological  data  we  calculate  the  average  monthly  tempera- 
ture on  the  surface  of  the  snow  t • -21°.  For  calculation  of  Q we 

find  sn-wtr  «r 


^cp 


sn-wtr 

Q * 20  8,5 


1n- 


<?» 

2C 


*2C 


20  -j-  10.9 
8.5  + 16.9 


Hi, 3 14’, 


Q* 

2C 


2 (A 


Sac 


/ITC 
— 


2(20  - 8,5) 


/ 


8760  -550-1 


2-4  cpC  -7-  Q$ 


2-14-550  + 18600 


8,14  n a. 

57  0,84  M. 


We  find  the  depth  of  the  seasonal  thawing  £ with  nomograms  (Figures  15  and  17) 
at  the  following  initial  data:  cvol  t ^ 550  kca 1/ (m*) (degree ) ; = 18,600 

^ccal/m3;  X-  1.0  kca l/(m)  (degree ) (hr ) ; t = t - -8.5°;  A - 20°;  1 = 1.25 

m.  Then  on  the  basis  of  the  left  side  o?  equation  (5.3.5^  we  find:  nom 


Figure  35.  Graph  of  the  dependence  of 
the  thermal  conductivity  of  snow  on  its 
density  according  to  the  formulas  of: 

1)  Kondrat'yev,  A - 0.0085  p ; 2)  Abel's, 
)>  “ 0.0068  (tr;  3 - Brakht,  > - 0.0049  p . 
a - > , kca l/(m) (degree) (hr);  b - p,  g/cc 


Figure  36.  Graph  for  deter- 
mination of  At  . 

sn  2 

a - At  , °C;  b - Q,  kcal/nA 
sn 
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8.5  -f  8760 
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1 ; f..'0  0.S1  18  I jO  1 .!’■ 


— 18600. 1,25fi 
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, * ' ' J 1 " 5 . 
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>5|i 
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3 »;0  Is  COX 2. 25  0.2 
3(  ■ 6 . 2,25  - ' 1 


i 18600  = 28220  kkh.i'm'-. 


Now  we  will  find  Q at  4it  = 2.0  . To  do  that  It  is  necessary  to  know 
sn  sn 

the  coefficient  of  thermal  conductivity  of  the  snow.  We  will  use  the  following 
empirical  formula  of  Abel's  which  gives  the  dependence  between  the  density  and 
thermal  conductivity  of  snow  (Figure  35): 

2 

Xsn  - -2.4  x p (kcal/m  x degree  x hr)  where  p is  the  mean  winter  density  of 

snow,  g/cc.  In  our  case  X = 2.4  x (0.29)  = 0.2  kca 1/ (m) (degree) (hr ) . On 

sn 

the  basis  of  the  right  side  of  equation  (5.3.5)  we  calculate 

n -4750  1 9 000  kko.i !m\ 

Vch  0.1 

2.  Similarly  we  calculate  Q and  Q at  t 4°.  Then:  tt  = -10.5  + 4 = 


-6.5°;  A - 22  - 4 - 18°;  tn  _ 

’ o 0-wtr 


sn  sn 

-16.3°: 


18  -C. 5 
18  + 16.9 
In  6.5  r 16.9 
2(18  6.5)  • 1239 

: 18600 


16,9  11,7°; 


- -0.9° 


% - 1.4  m (at  C ^ 550  kcal/(m  )(degree);  Q,  - 18,600  kcal/m";  A = 1 

1 nom  vol-t  f>  ’ * 

kca 1/ (m)  (hr) (degree) ; A - 18°;  tj  - -6.5°. 

Qtp  0.7-0.45- 18- 1239  + 

(23.4  550  0.9  18  600-1.4)  18  600  2,25  0.225 

23  4 550  0.9  ; 18600  -M  2,25(23.4  ; • ' . 18600) 

18600-1  4- 1,55  7025  3270  | 20  181  3047G  kkom/m2-, 

‘ 2 

_o.2(9l  475o  44364  KKa.ifM*. 


3.  To  find  the  true  value  of  At  , as  has  already  been  said,  a graph  is  con- 
structed on  the  axis  of  ordinates  of  which  the  values  of  At  are  plotted,  and 

on  the  axis  of  abscissas,  Q and  0 CTable  21).  Those  ‘ data  proved  to  be 

gr  sn  r 
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quite  sufficient  for  determination  of  the  point  of  intersection  and,  as  is 
evident  from  Figure  36,  Q = at  - 2.8°.  Consequently,  on  an  in- 

vestigated section  a snow  cover  with  a height  of  0.2  m increases  the  average 
annual  temperature  of  the  surface  of  the  soil  by  2.8  above  the  average  annual 
air  temperature. 

Table  21  Calculating  data  for  determination  of  At 

sn 


A'c„-'C  1 

1 

0rp.  XKCr 

j 9ch-  *■““/«* 

2.0 

28  220 

19  000 

•1.0 

30  176 

44  304 

i 


a - 


sn 


b - Q , kcal/m" 
8r  2 
c - Q , kcal/m 
sn 


Calculation  of  the  Warming  Influence  of  the  Snow  Cover  with  the  Abbreviated 
Formula  of  V.  a.  Kudryavtsev  (Example  11) 


Under  field  conditions  the  abbreviated  formula  of  V.  A.  Kudryavtsev  (1954), 
derived  on  the  basis  of  statistical  processing  of  factual  data,  can  be  used 
for  approximate  calculations  of  the  thermal  influence  of  the  snow.  The  formula 
has  the  form 


A /, 


A A. 


(I 


(5.3. 10) 


where  ^A  is  the  decrease  in  amplitude  of  the  annual  temperature  fluctuations 
(physica?  value)  under  snow;  °C ; z is  the  height  of  the  snow  cover,  m;  K is 
the  coefficient  of  thermal  conductivity  of  the  snow,  m2/hr;  T is  the  period, 
equal  to  one  year,  hours;  A is  the  meteorological  amplitude  of  the  annual  air 
temperature  fluctuations,  °C. 


For  convenience  of  calculations  with  the  indicated  formula  of  V.  A.  Kudryavtsev 
(1954)  a table  of  changes  of  the  value  of  lATT 

(1  — e~‘  )t 

has  been  compiled,  written  in  the  form  of  (l  - l/-f)  as  a function  of  different 
height  and  density  of  the  snow.  That  method  is  widely  used  in  the  practice  of 
various  frost  investigations  as  a quick  method.  For  example,  it  is  necessary 
to  determine  the  warming  Influence  of  snow  cover  with  a height  of  0.5  m and  a 
density  of  0.19  g/cc,  which  it  exerts  on  the  temperature  of  the  surface  of  the 
soil  in  a region  with  the  following  climatic  conditions:  t = -10.6°  and  A “ 

- 21.7°.  3 a 


In  Table  22  we  find  that  for  snow  cover  with  a height  of  0.5  m and  a density 
of  0.19  g/cc  the  coefficient  (1  - 1 / -f)  is  equal  to  0.274.  Consequently, 

A/Ctl  A/1ch  21.7  0.274  5.9°. 
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Table  22 


Value  of  (1  - 1/f)  as  a function  of  the  thickness,  density  and 
coefficient  of  thermal  conductivity  of  the  snow  cover  (according 
to  V,  A.  Kudryavtsev,  1954) 
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Key:  a - Density  of  the  snow  cover  f>,  g/cc  b - Coefficient  of  thermal  con- 

ductivity of  snow  K,  m^/hr 

From  which  we  find  that  under  the  snow 

>o  t..  K„  — *0.6  5.9  — 1,7°, 

\ — A 21.5  — 5,9  15,6°. 

For  comparison  we  will  calculate  At  with  the  data  ot  example  10,  in  which 

the  warming  influence  of  the  snow  cover  was  calculated  with  consideration  of 

the  heat  cycles  of  the  underlying  rocks:  t = -10.5  ; A = 44  ; z *=  0.2  m; 

a ’a  sn 

f>  - 0.29  g/cc.  With  Table  22  we  find  that  (1  - l/f)  =*  0.1.  Consequently, 

At  = Aa  = 22  x 0.1  = 2.2°,  and  according  to  formula  (5.3.5)  At  • 2.8°. 
sn  sn  sn 

The  difference  of  0.6°  Is  explained  by  the  Influence  of  heat  cycling  in  the 
layer  of  seasonal  thawing,  which  is  not  considered  in  the  abbreviated  formula. 
Because  of  this  it  Is  advisable  to  use  the  complete  formula,  which  makes  it 
possible  to  take  heat  cycling  in  rocks  into  consideration. 

Besides  a purely  quantitative  estimate  of  the  warming  influence  of  the  snow 
cover,  equation  (5.3.5)  makes  it  possible  to  trace  also  general  regularities 
in  the  formation  of  the  temperature  regime  of  rocks  under  a snow  cover. 

The  main  regularity  is  that  the  warming  influence  of  the  snow  cover  depends  on 
the  heat  cycles  of  the  soil  for  the  given  region.  The  greater  the  heat  cycling 
of  the  soil,  then,  other  conditions  being  equal,  the  greater  the  warming  influ- 
ence of  the  snow,  and  the  reverse.  Consequently,  all  the  factors  and  conditions 
which  determine  the  heat  cycles  of  rocks  or  exert  a given  Influence  on  them 
also  determine  the  amount  of  the  warming  influence  of  the  snow  cover.  Hence 
the  warming  Influence  of  an  identical  snow  cover  (in  thickness,  density,  thermo- 
physical and  other  characteristics)  on  different  sections  within  a single  region 
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will  be  different,  depending  on  the  composition  and  moisture  content  of  the 
rocks.  It  will  be  smaller  on  dry  grounds  and  greater  on  water-saturated  grounds. 

The  annual  heat  cycles  can,  on  account  of  phase  transitions  in  rocks,  vary  by 
1.5-2  times  in  a given  region.  Consequently,  the  warming  influence  of  the  snow 
cover  can  also  vary  by  1.5-2  times  on  account  of  that.  It  is  interesting  that 
under  the  conditions  of  a sharply  continental  climate  the  heat  cycles  in  rocks 
are  always  larger  than  under  the  conditions  of  a maritime  climate,  and  there- 
fore the  warming  effect  of  the  snow  cover  also  must  be  greater  in  the  former 
case. 

The  warming  influence  of  the  snow  cover  is  different  for  the  seasonal  freezing 
and  seasonal  thawing  of  rocks. 

All  other  conditions  being  equal,  the  heat  cycles  of  rocks  in  the  case  of  sea- 
sonal thawing  will  be  larger  tnan  during  seasonal  freezing.  This  is  explained 
by  the  fact  that  in  frozen  rocks  underlying  a seasonally  thawed  layer,  during 
annual  temperature  fluctuations,  besides  heat  cycles  connected  with  heat  capa- 
city there  will  also  be  heat  cycles  expended  on  the  phase  transitions  of  water 
in  frozen  rocks.  In  the  case  of  a seasonally  frozen  layer  there  will  be  no 
such  heat  cycles.  By  virtue  of  that,  when  there  is  a seasonally  thawed  Layer 
the  warming  influence  of  snow,  all  other  conditions  being  equal,  will  be  greater 
than  when  there  is  a seasonally  frozen  one. 

As  is  known  (Kudryavtsev,  1965),  the  heat  cycles  of  rocks  are  maximal  in  the 
southern  boundary  of  the  propagation  of  permafrost,  that  is,  at  average  annual 

rock  temperatures  of  0 . With  change  of  the  latter  in  the  direction  of  their 

increase  and  decrease  (south  and  north  of  the  southern  boundary)  the  heat  cy- 
cles decrease  all  the  more,  the  more  the  average  annual  rock  temperatures  dif- 
fer from  0 . In  accordance  with  that,  the  warming  influence  of  the  snow  cover 
will  also  be  maximal  on  the  southern  boundary  of  the  region  of  propagation  of 
permafroxen  rocks  and  will  decrease  toward  the  south  and  north  of  that  boun- 
dary. Manifested  in  that  is  latitudinal  zonatlon  of  the  warming  influence  of 
the  snow  cover,  connected  with  the  formation  of  the  temperature  regime  of  the 
rocks. 

A similar  regularity  is  also  noted  in  relation  to  height  zonation.  The  maximal 
warming  influence  of  the  snow  cover  diminishes  where  the  average  annual  rock 

temperatures  are  0 . At  higher  and  lower  levels  that  inf  luence  wi'Ul  decrease 

all  the  more,  the  more  the  average  annual  rock  temperatures  differ  from  0°. 

It  should  be  mentioned  that  the  indicated  manifestation  of  latitudinal  and 
height  zonatlon  in  the  phenomenon  under  consideration  is  valid  only  for  moist 
rock>  in  which,  during  freezing,  of  considerable  importance  in  heat  cycles  is 
the  portion  of  them  completed  on  account  of  phase  transitions  of  water  in 
freezing  rocks. 

In  dry  rocks  (for  example,  hard  rocks)  that  regularity  will  not  occur.  In  that 
case  the  number  of  heat  cycles  of  the  rocks  and,  consequently,  the  warming  in- 
fluence of  the  snow  will  be  determined  by  the  annual  amplitude  of  temperatures 
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on  the  surface  of  the  soil  and  will  not  depend  on  the  average  annual  tempera- 
tures. The  amplitudes  do  not  have  latitudinal  zonation  and  depend  in  each  con- 
crete case  on  the  distance  of  the  studied  region  from  the  sea. 

The  amplitude  can  decrease  with  height  as  a result  of  temperature  inversion, 
change  of  the  atmospheric  humidity  and  the  arrival  of  solar  radiation.  The 
influence  of  the  snow  cover,  evidently,  also  will  vary  as  a function  of  that. 

Besides  general  regularities  of  latitudinal  and  height  zonations  it  is  necessary 
to  also  note  a number  of  particular  regularities,  such  as,  for  example,  the 
difference  in  the  warming  influence  of  the  snow  cover  on  slopes  with  different 
exposure  and  steepness,  for  sections  with  different  plant  cover,  as  a function 
of  the  character  of  the  manifestation  of  winter  temperature  inversion,  etc. 

In  all  those  cases  the  warming  influence  of  the  snow  cover  will  be  greater  the 
greater  the  heat  cycles  of  the  rocks,  and  the  reverse. 

As  a result  of  everything  explained  above  it  follows  that  the  warming  influence 
of  the  snow  cover  not  only  is  determined  by  the  character  of  that  cover  but  also 
to  no  small  degree  depends  on  the  entire  complex  of  the  natural  situation,  start- 
ing from  the  composition  of  the  freezing  rocks  and  their  moisture  content  and 
ending  with  the  plant  cover  and  the  character  of  the  terrain. 

2.  The  Cooling  Influence  of  the  Snow  Cover 

For  a complete  characterization  of  the  influence  of  the  snow  cover  on  the  for- 
mation of  the  temperature  regime  of  rocks  it  is  necessary  to  dwell  once  more  on 
the  cooling  influence  of  that  cover  when  the  disappearance  of  snow  is  completed 
after  the  onset  of  positive  temperatures  on  the  surface  of  the  soil.  During 
the  time  the  snow  is  lying  after  the  onset  of  positive  air  temperatures  the 
temperature  on  the  surface  of  the  rocks  will  be  0°  and  will  become  positive 
only  after  the  snow  has  disappeared. 

When  the  snow  is  retained  to  the  second  half  of  the  summer  or  to  the  autumn 
the  maximal  temperature  on  the  surface  of  the  soil  will  be  correspondingly 
lower  and  the  amplitude  of  temperatures  on  the  surface  will  be  reduced  in  com- 
parison with  ordinary  conditions.  In  that  case,  when  the  snow  is  retained, 
but  disappears  before  the  onset  of  maximal  air  temperatures  (mid-July),  the 
maximal  values  of  temperatures  on  the  surface  of  the  ground  will  not  differ 
from  those  on  sections  where  the  snow  disappeared  without  delay.  Delay  of  the 
disappearance  of  the  snow  in  that  case  does  not  affect  the  amplitude  of  tem- 
peratures on  the  surface  of  the  ground  (Figure  37).  Consequently,  the  tempera- 
ture fluctuations  in  rocks  (at  positive  values)  will  be  completed  just  as  if 
that  period  on  the  surface  of  the  rocks  were  equal  to 

* T ( T~TzA  . (5.3. 1 1) 

\ • + / 

where  X is  the  curtailed  period  of  temperature  fluctuations,  connected  with 
delay  of  disappearance  of  the  snow,  T + is  the  length  of  existence  of  positive 
air  temperatures,  T is  the  length  of  delay  of  disappearance  of  the  snow  from 
the  surface  of  the  soil  and  T is  a period  equal  to  one  year. 


In  that  case  the  depth  of  the  seasonal  thawing  will  be  determined  with  formula 
(4.1.4)  but  with  substitution  of  the  value  oft  from  equation  (5.3.11).  It 
is  obvious  that  £ will  be  somewhat  smaller  than  S at  T equal  to  one  year.  The 
ratio  of  those  depths  will  be  directly  proportional  to  the  square  root  of  the 

periods  . — 

v,  i l_ 

" I y'r 

That  dependence  follows  from  the  main  formula  (4.1.4),  but  the  obtained  decreased 
depth  of  thawing  ($  ) must  be  related  to  the  total  period  of  fluctuations  (T ) 
in  order  tr>  obtain  the  average  annual  temperature  of  tne  rocks  with  consider- 
ation of  the  cooling  effect  of  the  snow  cover.  That  temperature  can  be  obtained 
from  the  same  equation  (4.1.4),  where  it  will  be  the  unknown  value,  and  must 

be  substituted  in  place  of  £ . The  value  of  $2C  “^st  be  obtained  with  consid- 
eration of  the  changed  average  annual  temperature.  The  cooling  influence  of 
the  snow  cover  can  be  thus  obtained  in  relation  to  both  the  change  of  the  aver- 
age annual  temperatures  of  the  rocks  and  the  change  of  the  depths  of  their  thaw- 
ing. 

A similar  situation  is  noted  also  for  the  seasonal  freezing  of  rocks,  but  in 
that  case  the  ratio  /T  / /T  will  be  a considerably  smaller  value  and  therefore 
the  change  of  the  depths  of  the  seasonal  freezing  and  the  average  annual  tem- 
perature of  the  rocks  will  also  be  considerably  smaller  than  during  seasonal 
thawing  (all  other  conditions  being  equal). 

3.  Analysis  of  the  Influence  of  the  Snow  Cover  in  Different  Freezing  Tempera- 
ture Zones 

Thus,  in  determining  the  influence  of  the  snow  cover  on  the  seasonal  freezing 
and  seasonal  thawing  it  is  necessary  to  take  into  account  all  aspects  of  that 
phenomenon:  change  of  the  albedo  of  the  surface,  the  warming  influence  on  ac- 
count of  the  heat  insulating  effect  in  the  winter  period  and  the  Cooling  influ- 
ence on  account  of  delay  of  the  disappearance  of  snow  in  the  spring  and  sunnier. 

In  the  middle  latitudes  the  summary  influence  of  the  snow  cover  usually  remains 
warming. 

f 

Qualitatively  the  influence  of  the  snow  cover  on  the  depth  of  the  seasonal 
freezing  and  seasonal  thawing  can  be  determined  by  means  of  the  following  sche- 
matic diagram  (Figure  38),  consisting  of  a diagram  of  the  dependence  of  the 
depths  of  the  seasonal  freezing  and  thawing  on  the  average  annual  temperature 
of  the  rocks  (t^ ) and  the  amplitude  of  temperatures  (A  ) on  the  surface. 

The  warming  influence  of  the  snow  cover,  which  changes  the  depths  of  the  season- 
al freezing  and  thawing,  is  determined  with  that  diagram  in  the  following  manner. 

Examining  first  the  seasonal  freezing  (the  left  side  of  Figure  38),  we  will  as- 
sume that  in  the  presence  of  a snow  cover  on  the  surface  the  average  annual 
rock  temperature  was  t and  the  temperature  an^>litude  on  the  surface  was  A ,, 
and  then  the  depth  of  the  seasonal  f feezing  in  that  case  is  determined  by  ‘'the 
position  of  the  point  m^.  Removal  of  the  snow  cover  leads  to  two  consequences: 
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Fig.  37  Diagram  of  yearly  temperature  fluctuations  in 
deposits  under  normal  conditions  (solid  line) 
and  under  conditions  of  delayed  snow-covering 
removal  (dotted  line) 
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firstly,  the  average  annual  temperature  is  reduced  from  t^  to  t^  and,  secondly, 
the  amplitude  on  the  surface  increases  from  to  A^. 


Figure  38,  Schematic  diagram  of  the 
influence  of  the  snow  cover  on  the 
depth  of  seasonal  freezing  and  thaw- 
ing of  rocks  (1  ) : t^  --  the  average 

annual  rock  temperature  in  the  pre- 
sence of  snow  cover;  t»  --  the  same 
during  the  removal  of  the  snow  cover; 
A^  < A^  < A^  --  the  amplitudes  of  the 

average  monthly  temperatures  on  the 
surface  of  the  rock. 


As  is  evident  on  Figure  38,  reduction  of  the  average  annual  temperature  to  the 
value  of  t^  increases  the  depth  of  seasonal  freezing  to  a value  marked  by  the 
point  m,,  that  is,  give  a positive  increment  of  that  depth  (+AJ^).  If  We  ex- 
amine trie  influence  of  increase  of  the  amplitude  of  temperatures  during  removal 
of  the  snow  cover  from  the  value  A?  to  the  value  A_,  it  is  evident  that  it  in- 
creases the  depth  of  freezing  to  the  value  marked  by  the  point  m^,  that  is,  also 
leads  to  a positive  increment  (+A{2)of  that  depth. 

Thus  when  the  snow  cover  in  the  region  of  seasonal  freezing  is  removed  the  depth 
of  the  latter  increases  both  on  account  of  lowering  of  the  average  annual  tem- 
perature and  on  account  of  increase  of  the  amplitude.  Those  influences  are 
added  and  as  a result  a sharp  increase  of  the  depth  of  seasonal  freezing  is 
obtained  when  the  snow  cover  is  removed  (A$  + At  )#  can  be  shown  on  the 

example  of  calculation  of  the  depth  of  the  seasonal  freezing. 

Calculation  of  the  Influence  of  the  Snow  Cover  on  the  Depth  of  Seasonal  Freez- 
ing of  the  Ground  (Example  12) 

Calculate  how  varies  at  a construction  site  where  the  snow  cover  is  regu- 
larly scraped  off  in  the  winter  as  compared  with  under  natural  conditions, 
if  the  following  data  were  obtained  during  a frost  survey.  The  ground  con- 
ditions are  characterized  by  the  propagation  of  sandy  loam  rocks  with  Y = 

“ 1300  kg/m  ; w = 18%,  " 1»3  kca  1/ (in)  (degree ) (hr ) , and  there  isS  prac- 

tically no  unfrozen  water  at  a temperature  of  -0.5°.  The  climatic  conditions 

are  characterized  by  the  following  data:  t “ 3°;  A « 19°;  z *=  0.5  m;  p 

„ , a a sn  ~sn 

- 0.19  g/cc. 

Solution.  1.  We  determine  the  temperature  regime  on  the  surface  of  the  soil 
under  snow  under  natural  conditions  (there  is  no  plant  cover  and  we  neglect 
the  radiation  correction).  To  calculate  the  warming  influence  of  the  snow  we 
use  abbreviated  formula  (5.3.10)  and  Table  21: 

A/Ch  A/L  19-0.274  5.2“; 

t,  A/ch  3 5.2  8.2“; 

\ - A,  — A/4cb  =19  — 5,2  13.8°. 
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2.  We  determine  C , _ nd  Q.  of 
vol-f  p 

Co6u  0,19  1300  , 0,5 


the  ground  with  (4.1.6)  and 

1:,0°-  364  KKa.i'.sS-epad, 

100 


(4.1.8): 


80- 


181  - 

1 10 


3.  On  the  basis  of  the  obtained  data 
gram  (Figure  17)  we  find  the  value  of 


18  720  KKCU.  M3. 

t , A , C , 
l o o vol-f 
5 : 

nom 


and 


with  the  nomo- 


L<om  0,87  m\  c;  13  0,87  • [/  1,3  ~ 1,0  m. 

4.  When  the  snow  cover  is  removed  the  temperature  regime  on  the  surface  of  the 

soil  changes  in  comparison  with  the  natural  conditions.  If  we  neglect  the 

radiation  correction,  then  t will  be  equal  to  t , that  is,  3 , and  A will  be 

equal  to  A , that  is,  19  . In  the  problem  the  calculation  of  the  temperature 

regime  of  dthe  surface  of  the  soil  and  the  ground  is  simplified,  since  the  main 

goal  of  the  problem  is  to  show  the  influence  of  the  snow  cover.  Therefore  the 

depth  of  the  seasonal  freezing  of  the  ground  in  the  given  case  is  found  at  the 

following  initial  parameters:  t =3;A  =19;C  , _ = 364  kca 1/ (mJ ) (degree) ; 

~ o o vol-f 

Q.  = 18,720  kcal/m  ; \ = 1.3  kca 1/ (m) (hr ) (degree ) . We  obtain:  \ = 1.95  m; 

p nom 

3 = 1,95  x 1,14  = 2,2  m* 

Thus  the  removal  of  a snow  cover  with  a height  of  0.5  m and  a density  of  0.19 
g/cc  under  the  indicated  conditions  leads  to  increase  of  the  depth  of  seasonal 
freezing  of  the  ground  by  more  than  100%. 


The  situation  is  different  in  the  region  of  seasonal  thawing  (the  right  side 
of  Figure  38). 

Let  in  the  presence  of  a snow  cover  the  annual  average  rock  temperature  be  t^, 
the  temperature  amplitude  A ^ and  the  depth  of  seasonal  thawing  be  determined 
respectively  by  the  point  m^.  Then  when  the  snow  cover  is  removed  tha  annual 
average  temperature  will  be  reduced  to  the  value  t ,,  and  this  will  lead  to  a 
reduction  of  the  depth  of  seasonal  thawing  (-2j^)."  At  the  same  time  the  am- 
plitude of  temperature  changes  on  the  surface  increases  from  the  value  of  A 
to  the  value  of  A.,,  and  this  increases  the  depth  of  seasonal  thawing  by  the 
value  (+A^). 

Thus  in  the  case  of  seasonal  thawing  the  inf luences  of  changes  of  the  average 
annual  rock  temperature  and  the  temperature  amplitude  on  the  surface  at  the 
depth  ^ when  the  snow  cover  is  removed  compensate  one  another  and  as  a result 
very  slight  changes  of  the  depth  of  seasonal  thawing  (Ai^-A^)are  obtained, 
which  also  is  well  illustrated  by  the  example. 


Calculation  of  the  Influence  of  the  Snow  Cover  on  the  Depth  of  Seasonal  Thaw- 
ing of  the  Ground  (Example  13) 

Calculate  how  1 varies  on  an  area  where  the  snow  cover  is  regularly  scraped 
off  in  winter  as  compared  with  natural  conditions.  The  grounds  on  the  area 
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jrmo- 


are  the  same  as  in  example  12  and  are  characterized  by  the  following  ther 
physical  properties:  t = 480  kcal/(m  ) (degree);  = 18,  720  kcal/m  ; 

A = 1,3  kca 1/ (m)  (degree)  (hr ).  The  climatic  conditions  were  determined  to  be: 


t = -8°:  A = 19°;  z = 0,5  m;  o = 0.19  g/cc.  In  the  given  case  we  still 
a sn  ' c" 


a ’a  ' sn  ' ' sn 

neglect  the  radiation  coirection. 


Solution,  1.  Under  natural  conditions  in  the  presence  of  snow  with  a height 

of  0.5  m the  temperature  regime  on  the  surface  of  the  soil  is  determined  as 

in  example  12:  Tit  = 5.2°;  t = -8  + 5.2  = -2.8°;  A = 19  - 5.2  = 13.8°.  The 
r sn  ’ o o 

depth  of  the  seasonal  thawing  of  the  ground  is  ^ = 1.64  m and  !,  , , « 1.9  m. 

r nom  A « 1 . 3 


2.  In  the  case  of  removal  of  the  snow  cover  the  temperature  conditions  on  the 
surface  of  the  soil  are  similar  to  the  temperature  regime  of  the  air.  We  as- 
sume that  t = -8  and  A = 19  . The  depth  of  the  seasonal  thawing  of  the 

ground  in  tRat  case  is  = 1.33  m;  A . = 1.5  m. 

J nom  A=1.3 


Thus  the  removal  of  snow  in  the  region  of  seasonal  thawing  leads  to  an  insig- 
nificant reduction  of  the  depth  £ even  as  a result  of  sharp  lowering  of  the 
average  annual  temperature  of  the  surface  of  the  soil.  In  the  presented  ex- 
ample that  reduction  amounts  to  ^ 20%  of  the  depth  forming  under  natural  con- 
dit ions. 


4.  The  Influence  of  the  Plant  Cover  on  the  Temperature  Regime  and  the  Depth 
of  the  Seasonal  Freezing  and  Thawing  of  Rocks 

The  influence  of  the  plant  cover  on  the  depth  of  the  seasonal  freezing  and 
thawing  and  on  the  temperature  regime  in  rocks  represents  only  one  aspect  of 
the  complex,  comprehensive  and  important  problem  of  the  interaction  of  the  ve- 
getation with  seasonally  and  perennially  frozen  rocks. 

Even  in  a brief  examination  of  the  indicated  question  it  is  necessary  to  bear 
in  mind  the  following  dependences  and  correlations. 

1.  The  plant  cover  influences  the  development  of  frozen  rocks  through  the 
changes  of  heat  exchange  between  the  soil  and  atmosphere  caused  by  it. 

The  plant  cover  in  the  summer  period  partially  retains  direct  and  scattered 
solar  radiation,  which  leads  to  some  cooling  of  rocks.  In  the  winter  period, 
on  the  contrary,  the  plant  cover  ir  a heat  insulator  which  prevents  the  release 
of  heat  from  soils.  In  that  case  the  plant  cover  exerts  a warming  effect  on 
rocks.  These  two  effects  of  the  plant  cover  on  the  input  and  output  parts  of 
the  radiant  energy  balance  can  be  very  different.  The  relative  importance  of 
of  their  influence  --  reduction  of  the  irradiation  of  the  soil  in  summer  and 
radiation  of  long-wave  energy  in  winter  --  varies  in  the  transition  from  north 
to  south. 

Actually,  in  the  north  the  winter  is  longer  and  the  summer  shorter  than  in  the 
south,  and  so  the  heat  Insulating,  as  it  were  the  warming,  effect  of  plant 


cover  on  the  temperature  of  soils  can  predominate.  Such  a comparison  is  pos- 
sible, of  course,  only  when  other  conditions  are  equal. 

For  different  plant  covers  (for  example,  moss  cover  and  a pine  forest)  the  in- 
dicated summer  and  winter  effects  on  heat  exchange  will  greatly  differ.  Dif- 
ferences of  vegetation  also  cause  a difference  in  the  albedo  of  surfaces,  which 
in  turn  creates  differences  in  the  reflection  and  absorption  of  radiant  energy 
and  in  the  temperature  regime  of  soils  and  rocks. 

2.  Plant  covers  affect  the  temperature  regime  of  soils  also  through  their  ef- 
fect on  heat  exchange  between  the  atmosphere  and  the  soil.  Those  effects  of 
vegetation  on  heat  exchange  occur  in  different  ways: 

a)  firstly,  different  types  of  vegetation  volatilize  differently  the  moisture 
they  take  from  the  soil,  thus  influencing  the  heat  balance  of  the  air  and  soil 
through  their  moisture  content  (the  process  of  transpiration); 

b)  different  types  of  vegetation  retain  and  preserve  differently  the  snow 

cover  against  drifting  and  melting,  which  also  exerts  a great  influence 

on  the  course  of  the  seasonal  freezing  and  thawing.  The  influence  of  the  plant 
cover  proves  by  this  to  be  complexly  connected  with  the  influence  of  the  snow 
cover ; 

c)  finally,  different  types  of  vegetation  retain  moisture  in  the  soil  differ- 
ently, thus  influencing  the  thennophys ica 1 characteristics  of  the  soil  and 
through  them  the  course  of  heat  exchange  between  the  soil  and  atmosphere. 

3.  Under  natural  conditions  not  only  the  effect  of  plant  covers  on  the  devel- 
opment of  frozen  rock  masses  occurs,  but  also  the  reverse  influence  of  the  lat- 
ter on  plant  covers  (Tyrtikov,  1963). 

Thus  frozen  rock  masses  and  plant  covers,  as  a rule,  develop  in  parallel,  re- 
acting to  changes  of  each  other.  This  circumstance,  among  others,  is  a main 
one  for  judging  the  correspondence  between  frost  and  geobotanical  conditions 
and  is  used  in  frost  surveying. 

The  influence  of  vegetation  on  the  formation  and  development  of  frozen  rock 
masses  is  manifested,  in  particular,  in  changes  of  the  depths  of  freezing  and 
thawing  during  the  replacement  of  plant  communities. 

The  importance  of  the  replacement  of  some  types  of  vegetation  by  others  in  the 
formation  of  permafrozen  rock  masses  increases  during  movement  from  north  to 
south  and  is  especially  great  in  regions  adjacent  to  the  southern  boundary  of 
the  permafrost  region.  The  degree  of  concentration  of  plant  communities  in 
types  of  seasonal  freezing  and  thawing  increases  in  the  same  direction,  that  is, 
the  indicative  importance  of  the  plant  cover  Increases. 

The  data  of  A.  P.  Tyrtikov  presented  in  Table  23  confirm  the  position  on  the 
cooling  influence  of  the  plant  cover  in  regions  near  the  southern  boundary  of 
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Table  23  Change  of  the  depth  of  seasonal  freezing  and  temperature  of  the  soils  an 
subsoils  in  the  process  of  replacement  of  plant  comnunitles  in  the  flood 
plain  of  the  Yarudya  River  (according  to  A.  P.  Tyrtlkov,  1963) 
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permafrozer.  rocks  stated  at  the  beginning  of  the  section.  However,  it  should 
be  recalled  that  the  influence  of  the  plant  cover  on  the  soil  temperature  is 
varied  and  complex  and  requires  further  study.  Under  different  conditions, 
especially  in  combination  with  the  effect  of  snow,  the  plant  cover  can  have  a 
warming  or  a cooling  influence.  Thus,  for  example,  it  has  been  established 
that  in  the  Far  East  at  a snow  thickness  of  up  to  20  cm  annihilation  of  the 
forest  leads  to  cooling  of  the  soil,  and  at  greater  thicknesses  of  the  snow, 
to  its  warming. 

It  can  be  said  that  in  a continental  climate  with  a long  summer  and  a severe 
winter  with  a snow  cover  of  10-20  cm  the  plant  cover  identically  protects  the 
soil  against  both  summer  heating  and  winter  cooling.  When  the  snow  cover  is 
thicker  the  warming  effect  of  the  plant  cover  in  winter  will  be  greater  than 
the  cooling  effect  in  summer. 

In  northern  regions  the  presence  of  a moss-grass  cover^ and  brush  causes  increase 
of  the  average  annual  temperature  of  the  soil  by  1 - 2 . The  grass-moss  oover, 
brush  and  forest  reduce  the  annual  amplitudes  by  15-25%  separately  and  30-50% 
taken  together. 

Moist  mossy  and  peat  covers,  because  of  their  great  moisture  capacity,  sharply 
increase  their  thermal  conductivity  in  the  frozen  state.  This  causes  a reduc- 
tion of  the  average  annual  soil  temperature  by  1 - 3%,  except  in  regions  with 
a thick  snow  cover,  where  the  reverse  effect  is  observed.  The  reduction  of 
annual  amplitudes  of  the  soil  temperature  under  moss  and  grass  covers  can  reach 
50-60%,  and  when  there  is  a thick  moss  cover  and  peat  --  even  80-90%.  The 
quantitative  influence  of  vegetation  on  the  temperature  regime  of  the  soil 
surface  can  be  determined  by  means  of  the  calculating  methods  proposed  below, 
depending  on  the  aspect  of  tha  influence.  By  one  method  an  estimate  is  obtained 
of  the  influence  of  vegetation  on  the  radiation  heat  balance  and  through  it  on 
the  air  temperature  directly  on  the  plant  cover  on  the  soil.  That  method  has 
already  been  examined  by  us  as  a method  of  determining  the  radiation  correction, 
representing  the  difference  between  the  temperature  of  the  surface  on  the  level 
of  2.0  (1.5)  m (see  the  example  on  page  11).  The  influence  of  vegetation  as 
a heat  insulating  layer  is  determined  by  other  methods. 

Calculation  of  the  Influence  of  the  Plant  Cover  on  the  Formation  of  the  Tem- 
perature of  the  Surface  of  Rocks  (Through  fhe  Radiation  Heat  Balance  of  the 
Surface) ((Example  14) 

In  the  process  of  a frost  survey,  data  of  microclimatic  observations  were  ob- 
tained at  several  specially  equipped  weather  points.  The  first  point  is  a 
station  on  the  second  terrace  above  the  flood  plain,  composed  of  deluvial- 
solif luctional , detrital,  heavy,  silty,  sandy  loams  (^  - 1500  kg/ni  ; w - 

25-30%;  - 1.3-1. 5 kca 1/ (m) (degree) (hr ) . The  point  was  set  up  on  a felling 

area  where  the  vegetation  consisted  of  brush  (wild  rosemary  and  mountain  cran- 
berry), Infrequent  herbage  and  green-moss  cover  with  a height  of  3-5  cm.  The 
second  point  was  situated  on  a swampy  surface  of  the  first  terrace  above  a 
flood  plain,  in  a dense  deciduous  forest  where  the  surface  of  the  soil  is  cov- 
ered by  a solid  moss  cover  with  a height  of  bbout  10  cm.  The  layer  of  seasonal 
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thawing  at  that  point  was  well  decomposed  mineralized  peat  (^  " 800  kg/m  ; 

w varied  from  top  bottom  in  the  layer  from  50  to  80%;  At  “ 0.25-0.5  kcal/ 

(m)  (hr ) (degree) . The  third  site  was  in  a swamp  of  sedge  and  moss  within  ter- 
race 1 above  the  flood  plain,  where  to  a depth  of  0.35  m is  peat  ( t . = 700 
kg/rn  ; w = 43%;  A “ 1.0-1. 2 kca  1/ (m)  (hr  ) (degree  ) . 

The  investigations  at  those  places  included  radiation,  gradient  (at  heights  of 

0.1,  0.5  and  1.5  m)  and  geothermal  (to  a depth  of  1. 5-2.0  m)  observations,  and 

the  composition  and  properties  of  rocks  of  the  layer  of  seasonal  thawing  and 

the  upper  part  of  the  underlying  frozen  rock  mass  also  were  studied.  On  the 

basis  of  the  results  of  observations  the  following  data  were  obtained:  R,  LE, 

B and  At.  = t , - t , , where  t , - t , is  the  difference  between  the 

K plant  air  plant  air 

air  temperature  on  plant  cover  near  the  soil  and  at  a height  of  1.5  m.  The 

heat  expenditures  on  turbulent  heat  exchange  and  the  coefficient  of  heat  trans 

fer  from  the  surface  « were  calculated  with  those  data.  The  starting  data  and 

values  of  o(  are  presented  in  Table  24. 

Table  24.  Components  of  the  radiation  heat  balance  (sum  for  10  days)  and  cal- 
culation of  the  coefficient  k according  to  data  obtained  in  actino- 
metric  and  gradient  observations  on  20-31  July  1964 


A 

» n.-.oma,V‘K 

Coo  aB.iHwiJiHe  pa.iHanMoKuo  tcimobo  o 
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1 
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1 .t’O 

li.  t~KU.il CM2 
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0.14 
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0.11 

0.45 

^p4ct  El*  h 2 

2,3 
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9 

3 

11 

Key:  A - Components  of  radiation  heat  balance  B - For  points 

1  - kcal /cm2  2 - At.  ■ t , . - t , °C 

2 K plant  air 

3  - kcal/(m  ) (degree  ) (hr  ) £ 


Assuming  that  the  correlation  between  the  radiation  balance  at  station 
point  1,  where  the  regime  observations  were  made,  and  points  2 and  3,  obtained 
in  the  last  10  days  of  July,  was  preserved  during  the  entire  summer,  the  sum- 
mary values  of  the  components  of  the  radiation  heat  balance  during  the  summer 
and  ^ were  calculated.  On  the  basis  of  those  data  the  difference  of 

the  sums  of  the  temperature  of  the  surface  of  the  plant  cover  (O  ) and 


a ir 


(Pt  ) during  th«same  summer  period  was  determined  with 


plant 


"a  ir 
the  formula 


o, 


P*iCT 


O,  -i-  — (Or 

8 


-Ofl). 
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Tf  the  difference  of  the  sums  of  the  temperatures  t , and  t , during  the 

r plant  air  ° 

year  is  divided  by  12  (the  number  of  months  in  a year),  it  is  possible  to  ob- 
tain the  average  annual  value  of  that  difference.  The  calculating  data  for  a 
year  are  presented  in  Table  25. 


Table  25.  Components  of  the  radiation  heat  balance  of  the  soil  surface  (total 
for  a year)  and  determination  of  the  difference  of  the  average 
annual  temperature  of  the  surface  of  the  plant  cover  and  air  as  a 
function  of  the  character  of  the  vegetation 

B .V?  u^OK 


P,  KKa.l 'CM- 

13,0 

17,4 

10,7 

LE%  kkqaJcm*  « 

B,  HKtlA/CM* 

12.5 
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0.5 

3.0 

a,  kmmJm-  “.ac-c'paO  2 

9 

s 

1 1 

V,  0,  , C 
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Key:  A - Components  of  the  radiation  heat  balance  and  AtR  B-  For  the  points 

1 - kcal/cm"-  2 - kca  1/ (m^ ) (hr ) (degree)  3 - t , - t . , °C 

plant  air 
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It  follows  from  Table  25  that  the  average  annual  air  temperature  on  the  surface 
of  vegetable  cover  near  the  soil  (moss,  grassy  cover,  forest  underbrush,  etc) 
is  0.2-0. 5°  higher  than  the  average  annual  air  temperature  at  a height  of  1.5  m. 

The  presented  example  shows  that  in  estimating  the  influence  of  the  plant  cover 
on  the  temperature  of  the  surface  it  must  be  taken  into  consideration  that  the 
correction  for  the  factors  of  solar  radiation  in  the  sunnier  period  and  of  dif- 
ferent microregions  ’s  differentiated  as  a function  of  the  character  of  the 
cover.  On  swampy  sections  with  a sedge-moss  cover  that  correction  is  0. 1-0.2", 
and  it  reaches  its  greatest  values  (0.5  ) on  felled  areas  and  dry  sections  with 
a thinned  plant  cover. 


The  following  approximate  dependences,  derived  by  E.  D.  Yepshov  (1971),  can  be 
proposed  for  calculation  of  the  thermal  influence  of  the  plant  cover  (as  a 
layer  of  heat  insulation)  on  the  temperature  of  the  soil  surface: 


At 


, . A A , t,  j A .4  r. 

»K  11  rp 

(5.4.1) 

A A,  t,  A A- 1. 

r«r  T a * 

(5.4.2) 

where  and  AA^  are  the  difference  in  the  average  daily  air  temperatures  on 
the  surface  of  the  plant  cover  and  under  it  respectively  during  the  cold 
and  warm  times  of  year,  °C,  and  T and  T are  the  length  of  existence  of  the 
negative  and  positive  air  temperatures  respectively,  hr;  T is  a period  equal 
to  a year,  in  hours. 
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A Ay  Al  (1  ~C  u ' )i  • ^pacT  ^paci » (5.4.3) 

A A ,1  (1  t>“*  * W,;).  4 A (5.4.4) 

where  z is  the  height  of  the  plant  cover,  m;  K and  K are  the  coefficients 
of  therma 1 conductivity  of  the  plant  cover  in  the  frozen  and  thawed  states 
respectively;  ^p^ant  an<^  tpiant  are  annua^  amplitude  of  air  temperature 

and  the  annual  average  air  temperature  on  the  surface  of  plant  cover  under 

snow  respectively,  that  is,  with  consideration  of  <4t  . In  calculating  A and 

A„  the  values  of  t , and  t . are  taken  with  consfSerat ion  of  the  sign. 

2 plant  air 

Calculation  of  the  Influence  of  the  Plant  Cover  on  the  Temperature  Regime  of 
Rocks  as  a Layer  of  Heat  Insulation  (Example  15) 

Calculate  the  thermal  influence  of  moss  cover  with  a height  of  0.1  m on  the 

temperature  regime  of  the  soil  surface  on  a section  of  a lake-alluvial  plain 

if  t . “ -15.4  , A , = 26.6  ; z = 0.5  m;  p = 0.19  g/cc.  In  addition, 

a ir  ’ a ir  sn  'sn  ° ’ 

during  field  survey  work  the  following  data  were  obtained  which  characterize 
the  reduction  of  the  daily  amplitude  on  account  of  the  moss  cover  in  the  sum- 
mer (Table  26). 

The  length  of  the  period  with  positive  average  daily  temperatures  is  106  days, 
and  with  negative  is  259  days. 

Table  26.  Initial  data  on  reduction  of  the  daily  amplitudes  of  temperatures 
on  account  of  moss  cover 
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Key:  A - Placement  of  thermometers  B - Thermometer , 

meter  readings  for  periods,  C D - Mean  >f  '< 
a - max  b - min  c - A 

plant 

1 - On  the  surface  of  the  moss 

2 - Under  the  moss  on  the  soil  surface 
3--  Moss  height  of  0.1  m 
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Solution.  1.  On  the  basis  of  data  of  the  temperature  point  we  calculate  the 
coefficient  of  thermal  conductivity  of  thawed  moss,  using  for  that  purpose 
equation  (4.4.1),  which  we  solve  for  K: 


K, 


.1-7, 


pacr 


3.14  -0,01 


T (In  A 


parr  hi  V 
0,0314 
24  (3,597)* 


24  (In  <4, 15  — In 0,25)’ 
0,0001  M'/nac; 


! 

I 


2 

On  the  basis  of  data  of  similar  calculations  “ 0.005  m /hr. 

2.  We  calculated  with  abbreviated  formula  (5.3.10)  the  thermal  influence  of 
the  snow: 

A/c„  26,0  0,271  7,2°. 


3.  The  temperature  regime  on  the  surface  of  the  moss  cover  (under  the  snow) 
will  be  determined  as: 

/pacr  = - 15,4  + 7.2  = - 8,2°;  A*cr  = 26.6  - 7.2  = 19,4’. 

With  formulas  (5.4.3)  and  (5.4.4)  we  calculate  and  and  4a^  and  AA^: 

A,  = 19,4  -J-  8,2  = 27,6°;  A2  = 26,6—  15,4  = 11,2°; 
x,  259  6216  vac-,  r , =,  106-24  _ 2544  Hac\ 

—o  t-l< 

A/1,  27,6(1—  e ' V 0.0005  k o:io  )„  27,6(1— e-C07l)  = 

27,6-0,07=  1,93°; 

_o , 1/ hi* I 

AA-  1 1,2(1  — e ' ) ^-  u,2(i  _e-o.?«)  = 

11,2-0,22  2,46°. 


4.  With  formulas  (5.4.1)  and  (5.4.2)  we  find  tfre  sought  values  AA  , . and 

plant 


At 


plant' 


AA 


A/„,„  = 


1,93  G2ir>  : 2.4G  2514 
8/00 

1,93  6216  - 2.46  - 2544 


3,14 


8,'CO 


2.1°; 

= 0,4°. 


Thus  the  plant  cover,  represented  on  the  Investigated  section  by  moss  with  a 
height  of  0.1  m,  reduces  A by  2.1  and  increases  t by  0.4  . With  consider- 
ation of  the  influence  of  8he  snow  and  plant  covers°the  temperature  regime  on 
the  soil  surface  will  be  determined  as: 


/.  - I,t*I.tJ  'p*,  ~ - 15.4  4-  7.2  + 0,4  - - 7,«*. 
71,  , - 4 - 4 - 20.6  - 7.2  - 2. 1 = 1 7.3’. 
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The  qualitative  Influence  of  the  plant  cover  on  the  depth  of  seasonal  freezing 
and  thawing  of  rocks  can  be  traced  on  the  following  schematic  diagram  (Figures 
39  and  40).  Shown  on  it  are  the  changes  of  the  depth  of  seasonal  freezing  and 
thawing  as  a function  of  changes  of  the  average  annual  rock  temperature  and 
the  amplitude  of  temperatures  on  its  surface.  Therefore  to  determine  the  in- 
fluence of  the  plant  cover  on  the  depth  \ it  should  be  determined  how  it  influ- 
ences the  change  of  the  average  annual  temperatures  and  their  annual  amplitudes. 


Figure  39.  Schematic  diagram  for 
qualitative  determination  of  the 
Influence  of  the  plant  cover  on  the 
depth  of  seasona 1 freezing  and  thaw- 
ing of  rocks  in  northern  regions: 
t^  --  average  annual  temperature  of 
soil  with  cover;  t 2 — the  same 
without  plant  cover. 


Figure  40.  The  same  as  on  Figure  39, 
in  southern  regions. 


Since  the  cooling  influence  of  the  plant  cover  has  a stronger  influence  in 
southern  regions  and  the  warming  influence  in  northern  regions,  those  influ- 
ences should  be  examined  separately  for  southern  and  northern  regions.  The 
removal  of  the  plant  cover  in  northern  regions  leads  to  reduction  of  the  aver- 
age annual  temperature  of  the  soil  and  increase  of  the  annual  amplitude.  On 
sections  on  which  unfrozen  rocks  propagate  (left  side  of  Figure  39)  it  is  shown 
that  annihilation  of  the  plant  cover  reduces  the  average  annual  temperature 
from  the  value  t^  to  the  value  t2,  as  a result  of  which  the  depth  f,  increases 
from  the  point  mj  to  the  point  m^  in  the  positive  direction  AA,  ana  the  annual 
amplitude  Increases  from  the  value  A-  to  the  value  A^,  which  fn  turn  Increases 
the  depth  of  seasonal  freezing  from  the  point  n>2  to  the  point  m^,  that  is, 
also  leads  to  a positive  increase  of  As  a reBUlt  of  such  addition  of 

the  Influence  in  northern  regions  the  removal  of  the  plant  cover  considerably 
increases  the  depth  of  seasonal  freezing  by  the  value  Aj^  + ^2* 

On  the  contrary,  as  is  evident  from  the  right  side  of  Figure  39,  the  removal 
of  the  plant  cover  on  sections  of  seasonal  thawing  changes  its  depth  incon- 
siderably. This  occurs  because  the  indicated  operation,  firstly,  lowers  the 
average  annual  temperature  from  the  value  t to  the  value  t^  and  as  a result 
of  that  reduces  the  depth  of  thawing  from  tne  point  m to  the  point  m^,  that, 
is,  leads  to  a negative  Increment  --A/^»  Secondly,  increase  of  the  amplitude 
from  the  value  A2  to  the  value  A^  increases  the  depth  of  thawing  from  point  m2 
to  point  m^,  creating  A?2»  Thus^the  first  and  second  influences  as  it  were 
compensate  each  other  (A^ 
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Presented  on  Figure  40  is  a diagram  similar  to  that  of  Figure  39  which  shows 
the  influence  of  removal  of  the  plant  cover  on  the  depth  of  seasonal  freezing 
and  thawing  in  southern  regionsof  the  permafrost  territory. 

It  is  evident  from  Figure  40  chat  in  southern  regions  the  removal  of  the  plant 
cover  has  the  opposite  influence  on  the  depth  of  seasonal  freezing  (the  left 
side  of  the  diagram)  in  comparison  with  northern  regions.  Here  when  the  plant 
cover  is  removed  the  depths  of  seasonal  freezing  of  rocks  change  slightly  and 
the  depths  of  seasonal  thawing  increase  greatly. 

It  should  be  recalled  that  the  regularities  shown  on  Figures  39  and  40  are 
valid  when  other  conditions  are  equal,  and  when  there  is  inequality  of  any  of 
the  natural  factors  at  all,  for  example,  the  snow  cover,  can  also  not  be  ob- 
served. The  influence  of  the  plant  cover  on  freezing  and  thawing  is  coup  lex 
and  varied,  as  can  be  shown  on  the  following  example. 

Calculation  of  the  Influence  of  the  Plant  Cover  on  the  Depth  i With  Consider- 
ation of  Latitudinal  Zonation  (Example  16) 

In  the  northern  part  of  the  region  of  permafrost  (on  sections  with  long-stable 

types  of  seasonal  thawing)  and  near  its  southern  boundary  (on  sections  with 

semi-transitional  types  of  seasonal  thawing)  the  influence  of  a similar  plant 

cover  is  manifested  differently.  In  both  cases  the  layer  of  seasonal  thawing 

consists  of  loams,  the  thermophysical  properties  of  which  are:  C " 620 

kcal/ (m3)  (degree);  Q,  - 25,000  kcal/m3;  A = 1.3;  1.7  kcal/VO  ” (m)(hr) 

(degree).  In  the  north:  t . “ -15.4°;  A “ 26.6  ; the  length  of  the  cold 

3 ir  3 ir 

period  is  8.4  and  that  of  the  warm  period  is  3.5  months.  Near  the  southern 

boundary  of  the  region  of  permafrozen  rocks  ca ir  “ -6.6  ; A^  “ 21°;  the 

length  of  the  warm  period  is  5 and  that  of  the  cold  is  7 months.  The  snow 

cover  in  the  northern  and  southern  zones  of  the  region  of  permafrozen  rock 

masses  is  identical:  z ■ 0.5  m and  p - 0.19  g/cc.  The  plant  cover  consists 

cp  ' s n * 

of  moss  with  a thickness  of  0.1  m;  the  coefficient  of  thermal  conductivity  of 
the  moss  in  summer  (Kfc)  is  0.0001  m^/hr  and  in  winter  --  - 0.0005  m3/hr. 

Solution.  A.  /Calculation  of  the  influence  of  moss  cover  in  the  northern  zone 
of  the  region  of  permafrozen  rocks/. 

It  follows  from  the  preceding  example  that  a moss  cover  in  the  north  under  the 
indicated  conditions  Increases  the  annual  average  temperature  of  the  surface 
of  the  soil  by  0.4°  and  reduces  the  annual  amplitude  of  temperatures  by  2.1°. 
Under  the  Influence  of  the  snow  and  plant  covers  the  temperature  regime  of  the 
surface  of  the  soil  in  the  north  is  as  follows: 

/,  = <„  : A'c  A'p,cr  = - 15.4  + 7.2  ! 0,4  = - 7.8’; 

Aa  — >4 , — A/.,  — Av4pJCr  = 26,6  — 7,2  — 2,1  - 17.3°. 

When  the  moss  cover  is  removed  and  the  snow  cover  preserved  the  temperature 
conditions  on  the  surface  of  the  soil  with  consideration  of  the  radiation  cor- 
rection, equal  here  to  At^  ■ 0.5  and  AA^  “ 1.3  , will  be  determined  corre- 
spondingly as: 

/„  - — 15,4  7,2  0,5  —7,7°, 

A0  = 2G,6  — 7.2  f 1,3.:=  20.7°. 
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In  order  to  determine  the  influence  of  the  moss  cover  on  the  depth  of  the 
seasonal  thawing  we  calculate,  using  nomograms,  the  depths  of  thawing  forming 
in  the  Indicated  two  temperature  conditions  of  the  surface  of  the  soil  (under 
natural  conditions  and  on  sections  with  the  plant  cover  removed). 

1.  We  will  find  the  temperature  shift  according  to  the  nomogram  (see  Figure 
33)  at  the  following  initial  data  (natural  conditions):  a)  t “ -7.8  , A 

“ 17,3°,  - 620  kcal/(m^) (degree);  - 26,000  kcal/nr;  = 1.3  and  ° 

X - 1.7  kcal/ (m) (hr ) (degree).  Under  those  conditions  At^  ~ 0.7°.  Consequent- 
ly* " -7.8  - 0.7  - -8.5°.  b)  t “ -7.7°;  A - 20.7°;  the  remaining  para- 
meters  are  the  same  as  in  "a";  At  - 1.0  . Consequently,  t,  - -7.7  - 1.0  - -8.7  . 

A J 

2.  We  will  determine  the  depth  of  seasonal  thawing  of  rocks  on  a section  with 

a moss  cover.  The_initial  parameters  are:  C » 620  kcal/(mJ) (degree); 

Q,  “ 26,000  kcal/m  ; V " 1.3  kca 1/ (m) (hr ) (degree);  A “ 17.3  ; ti  - -8.5  . 

wl  will  find  1 - 0.9  m,  ? v , , - 0.9  x 1.14  - 1.0§  m. 

•*nom  J/rl.3 

On  a section  without  a moss  cover  the  depth  of  seasonal  thawing  at  A * 20.7°; 
t - -8.7°;  (the  remainder  are  the  same)  is:  " 1.05  m,  | . , . 2 i .05  x 

1.14  -1.20  m.  no”  ’‘>-U3 


Thus  the  removal  of  the  moss  cover  under  the  Indicated  conditions  leads  to 
increase  of  the  depth  of  seasonal  thawing  of  loam  by  12  cm. 

B.  /Calculation  of  the  influence  of  moss  cover  near  the  southern  boundary  of 
the  permafrozen  rocks/. 


1. 


First  we  calculate  the  warming  Influence  of  the  snow  with  abbreviated  for- 
mula (5.3.10):  Atg  ■ 21  x 0.274  - 5.8°,  From  which  the  temperature  gonditions 

on  the  surface  ofs0he  moss  are  determined:  t , " -6.6  + 5.8  - -0.8  ; A . - 

« plant  — \ 1 a n I- 


21  - 5.8  - 15.2 


plant 


2.  Using  equations  (5.6.3)  and  (5.6.4),  we  find  the  values: 

a)  Ax  = 15.2  i 0.8  16°;  t,  - 7-30-24  5040  nac\ 

l/  3.n 

o °* 1 ' o.oc-33  2 O040  )=  J6.Q.08  1,28° 


6) 


AAX  = 16(1  — r 
At  = 21  —6.6  = 14,4°-,  Tj  --  3720  sac; 
„ . 1/  55*  ‘ 


AA,  -=  14.4  (1  — e o.o.\,i -■  3720  ) 14,-1-0,19  2,74° 

Whence  with  (5.6.1)  and  (5.6.2)  we  obtain 


A A 


P*CT 


1.38  7 1 2.74  - 5 

12 


1.9"; 


=0,64  1-  -7-i22  7'15-  ^ -0.3°. 
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Thus  In  the  southern  part  of  the  region  of  permafrost  the  plant  cover  (In  the 
given  case  the  moss  cover  Is  a cooling  factor;  it  lowers  the  average  annual 
temperature  of  the  surface  of  the  soil  by  0.3°,  With  consideration  of  the 
snow  and  plant  covers  the  temperature  regime  on  the  surface  of  the  soli  Is  de- 
termined as: 

,0  -6.6  : 5,8  -0.3  —1.1°; 

At  - 21  — 5,8  — 1,9  - 13,3°. 


3.  We  will  find  successively  the  temperature  shift  and  depth  of  seasonal  thaw- 
ing of  the  loam  on  a section  with  and  without  a moss  cover. 

a.  On  a section  with  moss  and  snow  covers:  t ■ -1.2°,  A “ 13.3°,  C , _ • 

- o ’ o ’ vol-t 

- 620  kca 1/ (m  )(hr);  - 26,000  kcal/m  ; \t  - 1.3;  - 1.7  kcal/ (m) (hr) (de- 

gree); At  - 1.0°;  t - -1.2  - 1.0  - -2.2°;  l ^ - 1.30  m;  $ ^ 3 - 1.3  x 1.14  - 
lv4  m. 


b.  On  a section  with  snow  and  without  a moss  cover  the  temperature  conditions 
on  the  Surface  of  the  soil,  with  consideration  of  the  radiation  correction, 
where  here  Is  " 1.0°  anddAj^  - 2.9  , are  determined  as: 


'o  :K  r A*c„  ; A/#  = —6,6 -f  5,8 -f- 1,0  0,2°; 

A0  A„  — A/ch  -f  A Ah  = 21—5,8  -<■  2,9  = 18,1°. 


We  will  find  the  temperature  shift  At^.  At  t ■ +0.2°  and  A - 18.1°  (the  remain- 
ing initial  parameters  are  the  same  as  In  "a")  dt<  - 1.6°.  Then  tt  “ 0.2  - 


The  depth  of  the  seasonal  thawing  on  the  area  without  a moss  cover  Is  deter- 
mined by  the  following  conditions:  t ■ 620  kcal/  (hr)  (hr);  - 26,000 

kcal/m^;  V - 1.3  kca l/(m) (hr) (degree);  A “ 18.1°;  tt  “ -1.4°.  Then? 

t o 5 nom 

1.80  m and  3 “ 2.0  m. 

In  conclusion  it  can  be  noted  that  the  depth  of  the  seasonal  thawing  of  loam 
when  the  plant  cover  Is  removed  increases  both  In  the  north  and  In  the  south 
of  the  region  of  permafrozen  rocks.  In  the  former  case  that  Increase  Is  about 
10%  of  the  depth  which  forms  in  the  presence  of  vegetation,  and  In  the  latter 
40%. 


5.  The  Influence  of  a Water  Cover  on  the  Temperature  Regime  of  Bottomset 
Beds  and  on  Their  Seasonal  Freezing  and  Thawing 

The  temperature  regime  of  freshwater  lakes  without  outlets  depends  on  their 
depth.  Since  the  thickness  of  the  Ice  In  lakes  during  very  severe  winter  con- 
ditions does  not  exceed  2-2.5  m,  bottomset  beds  in  bodies  of  water  with  a depth 
of  more  than  2.5  m always  ase  in  an  unfrozen  state.  In  that  case,  If  the  width 
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of  the  lake  exceeds  twice  the  thickness  of  the  frozen  rock  masses  in  the  given 
region,  then  under  the  lake,  as  a rule,  forms  a tabetisol  or  talik  which  goes 
through,  and  when  the  width  is  smaller  and  the  thickness  of  the  permafrozen 
rock  masses  is  greater  a talik  which  does  not  pass  through  can  form. 

To  characterize  the  temperature  regime  of  water  in  bottomset  beds  in  winter 
we  .fill  present  data  on  temperature  measurements  of  the  water  in  Lake  Pere- 
val'noye  (Table  27),  situated  on  the  divide  of  the  Kebyume-Khand ig  rivers  at 
a height  of  1418  meters;  the  lake  is  400  meters  wide,  800  meters  long  and  17,9 
meters  deep  (Shvetsov,  1951),  The  average  annual  temperature  of  the  rocks  in 
the  region  is  -10°.  Presented  in  the  same  table  are  the  temperatures  in  a lake 
on  the  Yano-Indlglrskaya  lowland  (Chizhov,  1973). 

Table  27,  Water  temperature  (°C ) in  Lake  Pereval’noye  (according  to  P.  F. 

Shvetsov,  1951)  and  in  Lake  Glubokoye  (according  to  A.  B,  Chizhov, 
1973). 
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Key:  A - l^ke  Pereval'noye  B - Lake  Glubokoye 

1 - Depth,  meters  2 - ice  3 - bottom 

It  is  evident  from  Table  35  that  the  temperature  in  winter  Increases  with  depth 
to  approximately  4 ( st  which  tenders ture  the  fresh  water  is  very  dense  and 
tends  to  descend  to  the  bottom.  Thit  process  of  convective  mixing  occurs  In 
the  summer.  In  addition.  In  sunmer  there  also  Is  mixing  of  the  water  by  the 
wind,  and  so  Its  maximal  summer  temperature  In  shallow  northern  lakes  oan  be 
considered  approximately  Identical  over  Its  depth. 
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If  the  depth  of  the  body  of  water  is  smaller  than  the  Ice  thickness  possible 
in  the  given  region  or  close  to  it,  the  lake  can  freeze  to  the  bottom  and 
both  negative  and  positive  average  annual  temperatures  can  form  in  the  bot- 
tomset beds.  In  that  case,  depending  on  the  depth  of  the  water  in  the  lake, 
the  annual  amplitudes  of  temperature  on  the  surface  of  the  bottomset  beds  also 
will  change. 


It  is  convenient  to  examine  the  temperature  regime  of  the  bottomset  beds  in 

shallow  lakes  freezing  to  the  bottom  by  using  Figure  41,  on  which  a schematic 

diagram  is  presented  of  the  distribution  of  minimal  (t  . ),  maximal  (t  ) 

, . / . . . \ . . min  , * max 

and  average  annual  (t  , equal  to  t and  temperatures  on  the  Ice  cover 

as  a function  of  the  Septh  of  the  6ody  of  water  (h).  It  can  be  assumed  with 

some  approximation  that  in  winter  the  minimal  temperature  in  the  ice  cover  with 

the  thickness  H,  varies  linearly  from  t . on  the  surface  of  the  ice  to  0 
ice  min 

on  its  base,  and  the  suimner  maximal  temperature  of  the  water  remains  constant 
in  depth  as  a result  of  convective  mixing  of  the  water.  It  is  evident  on  Fig- 
ure 41  that  the  average  annual  temperature  of  the  ice  (t  ) at  a certain  depth 
H is  equal  to: 


t> ! 


( H*  - H 


2 


t 


M.  KC 


(5.5.1) 


and  at  the  depth  H *•  H it  is  equal  to  0 


Figure  41.  Schematic  diagram  of  the  dis- 
tribution of  minimal,  maximal  and  annual 
average  temperatures  in  the  ice  cover  of 
a body  of  water. 


At  an  ice  thickness  smaller  than  the  average  annual  temperature  on  the  sur- 
face of  the  bottomset  beds  is  below  0°,  and  at  an  ice  thickness  larger  than  H 
it  is  above  0°. 


Therefore  the  following  three  temperature  regimes  of  the  bottomset  beds  are 
possible  as  a function  of  the  depth  of  the  body  of  water  H. 

1.  A depth  of  the  body  of  water  smaller  than  H . In  that  case  the  average 
annual  temperature  on  the  surface  of  the  bottomset  beds  is  below  zero;  they 
are  in  a perma frozen  state  and  only  in  summer  do  they  thaw  to  a certain  small 
depth. 

2.  A depth  of  the  body  of  water  H larger  than  H but  smaller  than  H . In 
that  case,  as  is  evident  from  Figure  40,  the  average  annual  temperature  on  the 
lower  iurface  of  the  ice  and  on  the  surface  of  the  bottomset  beds  is  above  0 , 
but  the  body  of  water  and  the  bottomset  beds  freeze  in  winter  as  a result  of 
the  negative  winter  values  of  the  temperature  in  tha  layer.  In  that  case 
seasonal  freezing  of  the  bottomset  beds  occurs. 
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3.  Finally,  If  the  depth  of  the  body  of  water  H Is  greater  than  the  body 

of  water  does  nrt  freeze  to  the  bottom  and  the  temperature  on  the  surface  of 
the  bottomset  beds  always  remains  positive.  In  that  case,  under  the  lake  there 
must  be  a talik  which  passes  through  or  does  not  pass  through,  depending  on 
the  correlation  of  the  dimensions  of  the  lake  and  the  thickness  of  the  perma- 
frozen  rock  masses. 

Calculation  of  the  Temperature  and  Depth  of  Seasonal  Freezing  in  Bottomset  Beds 
of  Shallow  Lakes  (Example  17) 

In  conducting  a frost  survey  the  following  data  were  obtained:  a maximal  depth 

of  the  lake  of  1.0  m and  bottomset  beds  composed  of  loams,  for  which  it  is 
known  that  V - 1100  kg/m3;  w = 40%;  = 1.0;  • 1.3  kca 1/ (m) (degree ) (hr ) . 

The  climatic  conditions  were:  t . “ -8.5°;  A . “ 23°;  z “ 0.3  m;  p ” 0.25 

air  air  ’ sn  * **sn 

g/cc.  The  thickness  of  the  ice  cover  on  deep  bodies  of  water  formed  in 

winter  under  the  regional  conditions  is  1.6  m. 

Solution.  1.  We  will  determine  the  temperature  regime  on  the  surface  of  Ice 
(water)  in  a body  of  water  (t0  , ).  The  warming  influence  of  snow  according 
to  formula  (5.3.10)  is  Atgn  “ C623  x 0.153  ■ 3.5°.  Then  t^  “ -8.5  + 

+ 3.5  - -5.0°  * and  AQice  - 23  - 3.5  - 19.5°. 

2.  Ve  determine  the  depth  of  the  zero  isotherm  with  the  formula 

"i  tlj  1+4"—).  (5.5.2) 

where 

4,..,  -Mo.*-  19,5 + (-5,0)  14,5°; 

'„MH 2 A,.*  — to.n  = 19,5  — (—  5,0)  24,5. 

Then 

//,  l.6  (l  r ' ) 1,6(1-0,59)  0,66  m. 

And  so,  under  the  body  of  water,  where  its  depth  is  'vO.ym,  passes  the  zero 
Isotherm  of  the  average  annual  temperature  on  the  surface  of  the  bottomset  beds. 

The  boundary  of  propagation  of  the  permafrozen  rock  masses  under  the  lake  co- 
incides with  It. 

3.  We  will  examine  the  temperature  regime  on  the  surface  of  the  bottomset  beds 

H within  the  limits  of  the  talik,  where  the  lake  depth  Is  1.0  m,  with  formula  (5.5.1): 


*ln  precise  calculations  t and  A^  must  be  determined  with  consider- 

ation of  the  radiation  correction. 

**The  value  of  t , , obtained  in  the  calculation  Is  taken  with  the  minus 

min-ice 
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1.6  — 1.0 

— — (-  24-5) 


14. { 


2,6°. 


If  it  is  taken  into  consideration  that  the  maximal  temperature  in  sumner  on 
the  surface  of  the  water  is  equal  to  the  maximal  temperature  on  the  surface 
of  the  bottomset  beds  (as  a result  of  convective  mixing  in  a shallow  body  of 
water)  and  the  average  annual  temperature  is  known,  one  can  readily  determine 
the  amplitude  of  the  annual  temperature  fluctuations  on  the  surface  of  the 
bottomset  beds  at  a depth  of  1.0  m: 


A„  - 1 


2,G  — 11,9°. 


4.  To  determine  the  depth  of  seasonal  freezing  of  bottomset  beds  we  will  cal- 
culate the  initial  thermophysical  parameters,  assuming  that  the  quantity  of  w 

in  loam  at  an  average  winter  temperature  (t  ) of  -4.65°  (t  1/2  t . =n 

wtr  m-wtr  min 

“ 1/2  (11.9  - 2.6)  - -4.65°  is  about  8%  (see  Figure  31).  Then  with  formula 
(4.1.6)  we  calculate 
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5.  Under  the  established  temperature  regime  of  the  bottomset  beds  in  the  layer 
of  seasonal  freezing  of  rocks  a temperature  shift  forms.  Its  value  in  the 
given  case  is  close  to  1°  (see  example  9 with  similar  conditions).  Consequent- 
ly, t - tH  + At^  > 2.6  - 1.0  - 1.6  . 

6.  With  the  nomogram  (Figure  17)  we  find  the  depth  of  seasonal  freezing  of  the 

bottomset  beds  on  the  section  of  lake  where  its  depth  is  1.0  m.  The  initial 
parameters  are:  cvol  f “ ^56  kcal/(m3) (degree);  - 29,040  keal/m  ; A^  “ 

- 1.3  kcal/(m) (degree) (hr);  A - 11.9°;  tt  - 1.6°;  £ - 1.3;  \ , - 1.3  x 

o $ nom  'A“1.j 

x 1.14  - 1.5  m. 

Salt  lakes,  especially  when  there  are  high  concentrations  of  brine,  can  have 
the  temperature  regime  of  bottomset  beds  not  subject  to  the  above- indicated 
regularity.  In  that  case  the  bottomset  beds  can  freeze  even  at  a depth  of  the 
body  of  water  (H)  exceeding  the  thickness  of  the  ice  in  open  bodies  of  water. 
Investigations  have  shown  that  on  the  bottom  of  strongly  mineralized  lakes 
a negative  temperature  of  the  saline  water  can  be  preserved  in  winter  and  sum- 
mer. This  is  explained  by  the  fact  that  the  maximal  density  of  the  saline 
water  is  observed  at  temperatures  of  -15  to  -20  . Thus,  in  salt  lakes  convec- 
tive currents  do  not  develop  in  the  summer  and  heat  exchange  occurs  only  through 
thermal  conductivity. 

A temperature  of  -5°  has  been  observed  in  the  bottom  layer  of  such  lakes  in 
summer  and  of  down  to  -20°  in  wiQter.  Clear  from  this  is  the  role  of  salt 
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bodies  of  water  in  the  cooling  of  bottomset  beds  and  formations  of  permafrozen 
rocks  under  them.  In  that  case  the  change  of  the  hydrochemical  regime  of  the 
lake  can  lead  to  change  of  the  temperature  regime  of  the  bottomset  beds.  With 
increase  of  the  salinity  of  the  water  the  seasonal  freezing  of  bottomset  beds 
can  change  into  their  seasonal  thawing  and  the  formation  of  permafrozen  rock 
masses  and,  on  the  contrary,  when  bodies  of  water  are  freshened  a permafrozen 
rock  mass  existing  under  them  can  melt. 

The  seasonal  freezing  and  thawing  of  bottomset  beds  and  their  mutual  transi- 
tions can  be  accomplished  also  on  a shallow  sea  bottom  along  the  coast  of 
northern  seas.  This  is  possible  because  sea  water  freezes  at  -1.9  and,  being 
itself  in  liquid  form,  can  freeze  bottomset  beds  if  the  latter  are  saturated 
with  less  mineralized  moisture. 

The  question  of  the  formation  of  permafrozen  rock  masses  on  the  coasts  of 
northern  seas  during  the  interaction  of  salty  sea  and  fresh  continental  waters 
is  examined  later  in  Chapter  8. 

6.  Dependence  of  the  Temperature  Regime  and  the  Depths  of  Seasonal  Freezing 
and  Thawing  of  Rocks  on  the  Relief  and  Exposure  of  Slopes 

The  position  of  a section  in  the  terrain  determines  to  a great  extent  the  tem- 
perature regime  of  the  soil  and  is  in  that  respect  a strong  and  variably  acting 
factor.  The  variety  and  complexity  of  the  influences  of  a given  position  of 
a section  in  the  relief  of  the  locality  on  the  depth  of  the  seasonal  freezing 
and  thawing  is  expressed  in  the  following. 

1.  The  average  annual  rock  temperatures,  and  consequently  also  the  depths  of 
the  seasonal  freezing  and  thawing,  vary  as  a function  of  the  height  levels  of 
the  locality.  With  increase  of  the  height  by  213  m the  average  annual  rock 
tenperature  is  lowered  by  1.0°  and  the  depths  of  the  seasonal  freezing  and  thaw- 
ing ahange  accordingly. 

2.  Variation  of  the  height  leads  not  only  to  change  of  the  annual  average 
temperatures  of  the  rocks  and  annual  amplitudes  of  tenperatures  on  their  sur- 
faces, but  often  in  that  case  the  1 itholo£ica 1 composition  and  the  moisture 
content  of  the  rocks  also  change.  In  other  words,  with  height  there  is  a com- 
plex change  of  all  the  class  if icatlona 1 characteristics  of  tfce  types  of  seasonal 
freezing  and  thawing,  and  also  of  such  factors  as  the  snow  and  plant  covers. 

As  a result  the  difference  in  temperature  of  the  rocks  in  mountains  and  at  sea 
level  can  reach  10-20  or  more. 

3.  In  addition,  the  exposure  of  slopes  Influences  the  heat  exchange  and  depth 
of  seasonal  freezing  and  thawing.  Also  important  in  that  case  is  the  steepness 
of  the  slopes,  which  determines  the  angle  of  incidence  of  solar  rays  and  so 
the  amount!  of  absorbed  radiation.  That  inf  luence  Was  examined  in  detail  in 
Chapter  2. 
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Calculation  of  the  Influence  of  the  Steepness  and  Exposure  of  Slopes  on  the 
Formation  of  the  Temperature  of  Rocks  (Example  18) 


On  an  Investigated  section  the  slopes  are  composed  of  block  debris  material 
with  a small  content  (20-30%)  of  sandy  loam  filler.  The  annual  course  of  the 
radiation  balance  of  the  surface  on  slopes  of  different  exposure  and  steep- 
ness obtained  in  the  process  of  a survey  is  presented  in  Table  28. 

Table  28  Radiation  balance  (kca  1/ (cm4^ ) (month)  on  slopes  of  different  curva- 
ture and  exposure 
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Solution.  Since  the  slopes  are  composed  of  block  debris  formations  it  can  be 
assumed  that  the  amount  of  evaporation  from  the  surface  of  the  slopes  is  not 
great.  It  can  be  assumed  that  the  coefficient  of  he*t  transfer  from  the  sur- 
face c*  is  20  kcal/(m^) (degree) (hr)*.  Then  the  radiation  correction  for  the 
temperature  of  the  surface  of  the  slopes  can  be  determined  from  the  equation 
At_  “ R/cx  . The  calculations  should  be  made  as  shown  in  the  example  on  page 
30.  the  results  of  the  calculations  showed  that  the  radiation  correction  for 
the  average  annual  temperature  of  the  surface  of  the  rocks  for  different  slopes 
varies  in  the  following  manner  (Table  29). 


Table  29  Table  of  values  of  t^ 
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The  difference  of  the  average  annual  temperatures  on  slopes  with  southern  and 
northern  exposures  is  explained  mainly  by  the  difference  on  them  of  the  sum- 
mer amplitude  of  temperature  fluctuations  on  the  surface  of  the  rock.  Actually, 
in  winter,  when  there  is  very  little  radiant  energy  arriving,  the  northern  and 
southern  slopes  are  cooled  almost  identically.  But,  as  the  data  of  Tables  6 
and  13  show,  the  Sumner  heating  of  the  rocks  on  them  is  different  and  far  more 

*Accordlng  to  V.  S.  Luk'yanov  and  Golovko  (1957) 
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intense  on  the  southern  slopes.  The  decrease  of  the  summer  and  annual  ampli- 
tudes on  the  northern  slopes  causes  a reduction  of  the  average  annual  rock 
temperatures  on  them.  The  maximal  difference  between  the  average  annual  rock 
temperatures  on  slopes  with  northern  and  southern  exposures  is  observed  at  a 
steepness  of  the  slopes  of  15-20°  and  decreases  during  both  further  increase 
and  decrease  of  steepness. 

In  the  high  latitudes  the  influence  of  exposure  of  the  slopes  on  seasonal 
thawing  and  on  the  temperature  regime  of  the  rocks  diminishes  somewhat,  since 
there  in  the  course  of  the  entire  summer  day  the  sun  moves  in  a circle  above 
the  horizon,  warming  slopes  with  all  exposures. 

The  change  of  the  average  annual  temperatures  of  rocks  and  their  amplitudes  on 
slopes  with  northern  and  southern  exposures  is  shown  on  Figure  42.  The  depths 
of  the  seasonal  freezing  of  rocks  on  slopes  with  northern  and  southern  expo- 
sures differ  far  less  than  the  depths  of  seasonal  thawing  on  slopes  with  the 
same  exposures. 

Let  us  consider  first,  how  the  depths  of  seasonal  freezing  of  rocks  differ 
under  the  condition  that  the  average  annual  rock  temperature  is  higher  and 
the  annual  amplitude  of  temperature  on  the  surface  is  greater  on  slopes  with 
southern  than  with  northern  exposures. 

Let  at  the  average  annual  temperature  t^  ^Figure  42,  left  side)  and  the  ampli- 
tude A2  on  a slope  with  a northern  exposure  (N)  the  depth  of  seasonal  freez- 
ing of  the  ground  is  marked  by  the  point  m . On  a slope  with  a southern  ex- 
posure (S)  the  average  annual  rock  temperature  under  corresponding  conditions 
is  t , but  the  depth  of  the  seasonal  freezing  here  is  smaller  and  is  marked 

by  the  position  of  the  point  n^.  In  that  case  the  depth  of  freezing  would  be 

smaller  by  the  value-4^.  But  on  a slope  with  a southern  exposure  as  compared 
with  a northern  exposure  the  amplitude  of  the  temperatures  increases  from  the 

value  A2  to  the  value  A^»  as  a result  of  which  the  depth  of  freezing  also  in- 

creases by  + ^$2  from  the  value  at  point  m2  to  the  value  at  point  m^.  Thus 
during  seasonal  freezing  the  inf luence  of  the  exposure  of  the  slopes  on  the 
depth  of  freezing  through  change  of  the  average  annual  temperatures  and  am- 
plitudes of  temperatures  compensate  one  another  (AJ0-A§^).  Consequently  the 
exposure  of  the  slopes  has  little  influence  on  the  cfepth  of  the  seasonal  freez- 
ing of  rocks. 

Figure  42.  Change  of  the  average 
annual  rock  temperatures  and  am- 
plitudes of  average  monthly  tem- 
peratures on  slopes  with  northern 
and  southern  exposures. 


Let  us  examine  in  the  same  way  the  Influence  of  the  exposure  of  slopes  on  the 
depth  of  seasonal  thawing  (right  side  of  Figure  42).  It  is  evident  from  the 
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figure  that  in  comparison  with  the  slope  with  the  northern  exposure  with  the 
average  annual  rock  temperature  t^  and  the  amplitude  of  temperatures  on 
the  slope  with  a southern  exposure  (S)  the  depth  of  the  seasonal  thawing  in- 
creases from  the  point  m^  to  the  point  on  account  of  increase  of  the  average 
annual  temperature  and  from  point  ru  to  point  m^  on  account  of  increase  of  the 
amplitude.  In  the  given  case  both  influences  lead  to  increase  of  the  depth  of 
thawing  + *s  ev*dent  fronl  a comparison  of  the  two  cases  that  the 

exposure  of  the  slopes  has  a stronger  influence  on  the  depth  of  seasonal  thaw- 
ing than  on  the  depth  of  their  seasonal  freezing. 

The  influence  of  the  exposure  on  the  depth  of  seasonal  freezing  and  thawing  can 
also  be  complicated  by  other  factors,  for  example,  irregularity  in  the  distri- 
bution of  the  snow  cover.  Typical  in  that  respect  is  the  region  of  Vorkuta, 
where  the  influence  of  the  exposure  of  the  slopes  on  the  temperature  of  the 
soil  is  very  small.  This  occurs  as  a result  of  the  blowing  and  redeposition 
of  snow  in  winter  from  the  southern  to  the  northern  slopes  by  the  southern  and 
southwestern  winds  which  prevail  there  in  winter.  As  a result  of  that  the  in- 
fluence of  the  exposure  of  the  slopes  is  compensated  by  the  opposite  influence 
of  the  snow  cover,  and  the  temperatures  of  the  rocks  are  equalized  on  slopes 
with  all  exposures. 

7.  The  Influence  of  Swampiness  on  the  Temperature  Regime  of  Rocks  and  Their 
Seasonal  Freezing  and  Thawing 

Often  on  swampy  sections  the  average  annual  rock  temperature  is  0.5-1°  lower 
than  on  dry,  well-drained  sections.  Such  a dependence  has  been  observed  in  the 
Far  East,  in  Zabayka 1 'ye,  in  Southern  Yakutiya  and  in  other  regions  with  small 
thickness  of  the  snow  cover.  For  the  regions  of  Vorkuta,  Western  Siberia, 

Igraka  and  others  with  a thick  snow  cover  of  up  to  0. 8-1.0  m the  reverse  de- 
pendence is  noted  --on  swampy  sections  the  temperature  of  rocks  is  higher  than 
on  drained  sections. 

The  following  considerations  can  be  presented  to  explain  these  different  influ- 
ences of  swampiness  on  the  average  temperatures  of  rocks  as  a function  of  the 
thickness  of  the  snow  cover. 

A larger  quantity  of  heat  accumulates  in  moist  rocks  and  swamps  in  the  summer 
than  in  dry.  At  the  same  time,  as  a result  of  the  greater  heat  capacity  of 
moist  grounds  their  temperature  is  not  elevated  so  considerably  as  the  tempera- 
ture of  dry  rocks. 

In  winter  (without  snow)  the  great  thermal  conductivity  of  moist  rocks  in  swamps 
permits  them  to  cool  almost  as  rapidly  as  those  with  less  heat  capacity,  dry 
rocks  with  less  thermal  conductivity.  As  a result  the  average  annual  tempera- 
ture of  the  grounds  in  a swamp  is  lower  than  In  drier  rocks.  In  the  case  of 
a thick  snow  cower  the  increase  of  the  thermal  conductivity  of  moist  rocks  dur- 
ing freezing  already  does  not  play  such  a role,  as  the  heat  insulating  effect 
of  the  snow  has  the  main  importance.  In  that  case  their  great  heat  capacity 
proves  to  Le  the  deciding  factor.  Therefore  under  snow  moist  rocks  with  great 
heat  capacity  cool  more  slowly  than  dry  rocks  with  less  heat  capacity,  and  as 
a result  the  wvwrage  annual  temperature  of  moist  rocks  becomes  higher  than  that 
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of  dry  rocks.  For  example,  during  the  growth  of  bodies  of  water  in  Western 
Siberia  the  process  of  formation  of  permafrozen  rock  masses  proceeds  in  the 
following  manner. 

As  long  as  there  is  water,  which  strongly  accumulates  heat,  on  the  surface  of 
the  body  of  water,  the  layer  of  ground  which  froze  in  winter  completely  thaws 
in  summer,  and  a permafrozen  rock  mass  does  not  form.  Therefore  in  the  north- 
ern taiga  of  Western  Siberia  the  lowland  and  transitional  swamps  are  underlain 
by  thawed  rocks. 

In  proportion  to  the  accumulation  of  peat  the  separate  sections  of  swamp  emerge 
from  under  the  water,  raising  themselves  above  the  lowered  sections  of  the 
swamp  by  50-60  cm.  In  that  case  the  sedges  and  cotton  grasses  on  them  are  re- 
placed by  peat  mosses,  in  places  by  green-moss  cover  with  low-growing  shrubs. 

In  winter  those  peat  mounds  freeze  more  rapidly  than  the  lower  and  moister  sec- 
tions, the  snow  is  blown  away  more  strongly  from  them,  their  temperature  is  re- 
duced and  there  is  increase  of  their  iciness  and  volume  as  a result  of  moisture 
migration  and  heaving.  At  first  under  such  peat  bogs  through-flows  start  to 
form;  then  their  thickness  increases  and  they  gradually  change  into  permafrozen 
rock  masses.  In  proportion  to  increase  of  the  height  of  the  peat  bog  its  mois- 
ture and  ice  content  increases,  which  leads  to  change  of  the  average  annual 
fock  temperatures  and  to  corresponding  changes  of  the  depths  of  the  start  of 
seasonal  freezing,  and  then  of  seasonal  thawing. 


Calculation  of  the  Influence  of  Swampiness  on  the  Formation  of  the  Average 
Annual  Temperature  of  Rocks  (Example  19) 

In  a frost  survey  the  following  data  were  obtained:  t . “ -11.7°,  A . = 22°; 

z = 0.4  m;  p = 0.28  g/cc;  X = 0.25  kca 1/ (m) (degree) (hr ).  The  alrtime 
sn  x sn  sn 

from  the  moment  of  establishment  of  snow  to  the  moment  of  the  spring  inversion 
of  the  sign  of  heat  cycling  through  the  surface  "T  * 4700  hours.  Swampiness  of 
the  surface  is  manifested  in  the  form  of  sedge-green-moss  swamps  with  open 
mirrors  of  water  only  in  the  period  of  snow  melting  and  falling  rains.  In  the 
rest  of  the  year  water  is  observed  between  mounds  in  the  form  of  small  depress- 
ions and  the  moss  cover  is  saturated  with  water.  The  soils  are  silty  loams 
containing  a large  quantity  of  organic  matter.  Their  characteristics  are: 

'i  800  kg/m-*;  w . **  68%;  X » 0.7;  X «■  1.5  kca  1/ (m)  (degree)  (hr) ; C “ 

sk  ° vol  * t ’ f„  vol-t 

800  kcal/(m  )(degree);  Q,  • 54,400  kcal/m  . In  addition,  as  a result  of  in- 
vestigations it  also  has"been  established  that  on  swampy  sections  the  radiation 
correction  for  the  tenperature  of  the  surface  is:  t^  = 1.5  and  A^^  “ 2.5  . 

The  vegetation  increases  the  average  annual  temperature  and  reduces  the  ampli- 
tude of  temperatures  on  the  surface  of  the  soil  respectively:  At  ^ **  0.7  ; 

Aa  - 2.0°.  On  well-drained  sections  in  the  same  Region  theFe  are  sandy 

loSms^  with  the  following  properties:  Ysk  “ 1200  kg/m  ; w^o^  “ 20%;  wyn  “ 3%; 

Cy^i  “ 428  kcal/ (m  )(degree);  - 1.0;  “ 1.2  kca 1/ (m) (degree ) (hr ) ; " 

~ At^  “ 0.8  ; AAj^  “ 1.8  . The  plant  cover,  consisting  of  a sparse  deciduous 

forest  with  underbrush,  increases  the  average  annual  temperature  of  the  soil 

by  0.5  and  reduces  the  annual  amplitude  by  1.5  . The  snow  cover,  just 

as  on  swampy  sections,  reaches  a height  of  0.4  m with  a density  of  0.28  g/cc 

(X  - 0.25  kcal/ (m) (degree) (hr )jt 
sn 
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Solution.  1.  We  determine  the  warming  influence  of  snow  cover  with  a height 
of  0.4  m and  \ - 0.25  kca 1/ (m) (degree ) (hr ) on  swampy  sections  just  as  in 

example  10,  it  being  given  that  At  = 2.4  and  6°  in  accordance  with  formula 
(5.5.5),  The  data  of  the  calculation  are  presented  in  Table  30.  If  we  con- 
struct a graph  (Figure  43)  we  find  that  At^  * 5.1  . 


Table  30  Calculating  data  for  determination  of  Atsn  on  swampy  sections 
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sn 

2 - t - t , At-  + At  + At  - 11.7  + 1.5  + 0.7  + At  , °C 

o air  K r sn  sn 
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o a ir  K r sn  sn 


Figure  43.  Graph  for  finding  At  on 

sn 

a swampy  section. 


Figure  44.  Graph  for  finding 
At\  on  a swampy  section. 
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2.  We  find  the  temperature  shift  in  the  layer  of  seasonal  thawing  of  rocks 
on  a swampy  section,  where 

ta  — 11,7  1,5  ! 0,7  5.1  - 1,4°; 

\ — 2,5  — 2,0  — 5,!  16,4°. 

Using  equation  (5,3,1)  by  the  method  of  trial  and  error,  being  given  the  values 
for  AtA  of  0.5,  1,0  and  2.0°,  we  calculate  both  sides  of  the  equation  (Table 
31). 

Table  31.  Calculating  values  for  determination  of  At^  on  swampy  sectiins 


At.  . • C 1 
4 

I 

i - 

V -c 

»*  1 m 1 Kx 

T 'up 

0 ,5 

! — 1 .9 

0.62 

10.2 

1 .31 

1 .0 

— ^ • ** 

U,60 

10,5 

1 ,2s 

2.0 

~6  ’ | 

0 , ! o 

11,0 

1,13 

Having  constructed  the  graph  (Figure  44),  we  find  that  At\  - 1.2°.  Consequently, 
tj  - -4.4  - 1.2  - -5.6°. 

Thus  on  swampy  sections  under  the  conditions  of  the  given  region  the  average 
annual  temperature  of  the  ground  as  a result  of  the  combined  action  of  snow 
and  temperature  shift  increases  by  3.9  (5.1  - 1.2)  in  relation  to  the  air 
temperature. 

3.  We  determine  the  warming  influence  of  snow  with  a height  of  0.4  m and 

A - 0.25  kca 1/ (m) (degree) (hr ) on  drained  sections.  Being  given  values  of 
sn  ^ 

At,-,  of  1,  2 and  4 we  obtain  the  following  calculating  data  (Table  32).  Having 
constructed  the  graph  (Figure  45)  we  find  that  Atgn  - 1.8  . 

Table  32  Calculating  data  for  determination  of  At  on  drained  sections 

sn 
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4 

6.4 

18,3 
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— 
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(Column  headings  as  for  Table  30,  except  for  numerical  values) 


Figure  45.  Graph  for  finding  At 

* s r\ 

on  drained  section.  „ 

a-  At  ,°C  b-Q,  kca 1/m 
sn  ’ 
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4.  We  examine  the  temperature  shift  in  the  layer  of  seasonal  thawing  on 
sections  composed  of  sandy  loams,  where 

t0  -11.7  0,8  0.5  : 1.8  8,6°; 

\ 22,0  . 1,8  - 1,5  — 1,8  20,5°. 

With  the  nomogram  (Figure  33)  we  find  that  for  those  conditions  At^  *=  0,5°  and, 
consequently,  t^  - -8.6  - 0.5  - -9.1  . 

If  we  compare  the  obtained  values  of  cj  on  swampy  and  drained  sections  we  see 
that  in  the  given  region  swampiness  increases  the  average  annual  rock  tempera- 
ture on  account  of  influence  on  At  and  At\  by  2.6  . 

sn  A J 

8.  The  Influence  of  Infiltration  of  Summer  Precipitations  and  Convection 
of  Air  on  the  Temperature  of  Rocks  and  the  Depth  of  Their  Seasonal  Freez- 
ing and  Thawing 

Rocks  can  vary  their  temperature  not  only  on  account  of  thermal  conductivity 
but  also  as  a result  of  convective  heat  exchange.  Convective  heat  exchange 
in  rocks  can  be  accomplished  basically  by  three  methods:  1)  by  moisture  mi- 
gration to  the  front  of  ice  separation  during  the  freezing  of  rocks  (see  Chap- 
ter 6),  2)  by  infiltration  into  the  rocks  of  warm  or  cold  waters,  bringing  heat 
or  cooling  rocks,  and  3)  by  the  entry  of  warm  or  cold  air  into  the  rocks. 

Convective  heat  exchange  caused  by  moisture  migration  was  examined  in  Chapter 
3.  Here  we  will  dwell  on  examination  of  the  influence  of  the  infiltration  of 
precipitations  and  convective  air  flows  into  rocks  on  the  formation  of  the  tem- 
perature regime  and  the  depth  of  seasonal  freezing  and  thawing. 

The  intensity  of  heat  transport  into  a rock  through  the  infiltration  of  sur- 
face waters  (precipitations),  firstly,  as  a function  of  temperature  and  the 
filtration  capacity  of  soils  and  underlying  rocks.  The  temperature  regime 
forming  under  the  influence  of  the  Infiltration  of  precipitations  depends  also 
on  the  thermophysical  characteristics  of  the  filtering  rocks.  For  example, 
in  the  region  of  the  Aldanskoye  highland  the  divides  are  composed  of  strongly 
weathered  bedrocks  covered  with  large-block  eluvla  and  deluvia.  More  than 
half  of  the  relatively  small  quantity  of  annual  precipitations  falls  there 
in  the  sumner  period  and,  being  filtered,  warms  the  layer  of  deluvia  end 
eluvia  and  also  the  fractured  zone  of  the  bedrocks. 

The  heat  balance  san  be  determined  in  the  following  manner  for  the  layer  of 

seasonal  thawing  through  the  transport  of  heat  into  the  ground  by  infiltrating 

summer  precipitations.  It  is  obvious  that  the  additional  arrival  of  heat 

(Q  ..)  in  the  seasonally  thawed  layer  is  determined  with  the  formula 
add 

<?„o„  Vt^C,  (5.8.1) 

2 

where  V is  the  quantity  of  summer  precipitations  infiltrating  the  ground,  kg/m 
t is  their  average  summer  temperature,  C;  C is  the  heat  capacity  of  water, 

assumed  to  be  1. 
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Some  sort  of  heat  flux  from  the  ground  to  the  atmosphere,  equal  to  that  addi- 
tional heat  arrival,  must  be  simultaneously  established.  This  will  be  assured 
by  a temperature  shift  into  the  layer  of  seasonal  freezing  (thawing),  on  the 
base  of  which  the  temperature  will  be  higher  than  on  the  surface  of  the  ground. 
Through  this  a heat  flow  also  will  be  established  from  the  layer  of  seasonal 
freezing  (thawing)  into  the  atmosphere,  the  amount  of  which  is  determined  in 
the  following  manner: 


AV  ).  x 

t npv* 


(5  8 2) 


If  we  add  (5.8.1)  to  (5.8.2)  and  solve  for  At  we  obtain  a formula  which 
makes  it  possible  to  quantitatively  estimate  Precthe  warming  influence  of  the 
the  infiltrating  waters: 


(5  8 •() 


where 


A is  calculated  with  formula  (4.1.19). 


It  follows  from  (5.8.3)  that  the  elevation  of  the  ground  temperature  by  infil- 
trating warm  precipitations  is  directly  proportional  to  the  quantity  of  infil- 
trating precipitations,  their  temperature  and  the  thickness  of  the  layer  £ and 
inversely  proportional  to  the  reduced  coefficient  of  thermal  conductivity. 

Calculation  of  the  Influence  of  Infiltration  of  Summer  Precipitations  on  tc 
and  i (Example  20) 


As  a result  of  investigations  on  a section  of  the  second  terrace  above  th^ 

flood  plain  the  following  data  are  known*  the  sands  have  K ■ 1500  kg/m  ; 

C - 0.18;  w • 12%;  w " 0;  V.  ■ A * - 1.5  kcal/ (m)(hr ^degree), 
spec  un  t t 

The  climatic  conditions  are  determined  to  be:  t . “ 6.8°;  A , • 20°;  z 

• air  ’air  ’ sn 

- 0.3  m;  c - 0.19  g/cc. 

’ 'sn 

The  conditions  and  temperature  of  sumner  precipitations  are  presented  in 
Table  33. 

Table  33  Conditions  of  sumner  precipitations  and  their  average  monthly 


temperature 


^ A MtcmiM 

V 

VI 

VII 

VIII 

IX 

t 1 Ko.iii'tecnio  ocajKOw.  *< « . . 

II 

20 

75 

r,5 

30 

2 CppjHeMecawHasi  Tt-MiiepaTjpa 
norsay.xa,  °C 

0.3 

10.0 

i?.o 

9.3 

3.5 

Key:  A - Months  1 - Quantity  of  precipitations,  ran  2 - Average  monthly 

air  temperature,  C 


^ is  assumed  in  order  to  simplify  the  problem. 
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Solution.  1.  We  determine  the  temperature  conditions  on  the  surface  of  the 
soil  with  consideration  of  the  influence  of  the  snow  cover  (At  = 20  x 
x 0.178  - 3.6  ) and  the  radiation  corrections,  equal  to  At,  ■ 0.8  and 

- 2.3°:  ^ 


tn  + Afc 


■ 6,8  0.8  f 3.6  —2.4°; 


A.  A.  ! M,-M„  20  + 2,3-3 fi  1ST, 


2.  We  determine  the  thermophysical  properties  of  the  sand  with  (4.1.7)  and 
(4.1.4) 


C*t  0,  IS  • 1600  f 1.0- 2 450  kkhjJm*  epad; 

IU0 


<0  • **  1500 


5 400  kku.i/m 3. 


3.  The  summary  heat  flux  (Q  =C,xV  xt  ) arriving  in  the  layer 

prec  a ir  prec  prec 

| with  the  precipitations  can  be  determined  as  the  sum  of  the  products  of  the 
monthly  (10-day)  sums  of  the  precipitations  times  the  average  monthly  (average 
10-day)  air  temperature  during  the  entire  warm  period  of  the  year. 

The  sum  of  the  precipitations  in  mm  cited  in  climatic  reference  books  corre- 
sponds to  the  quantity  of  water  in  kg  arriving  per  mz  of  area.  Therefore  in 
the  given  case  Q " 1.0  (11  x 0.3  + 20  x 10.0  + 75  x 17.0  +65  x 9.3  + 30  x 
x 3.5)  - 2217  ^reCkcal/m  . The  heat  capacity  of  water  - 1.0  kcal/kg  x deg. 

4.  Calculating  equation  (5.8.3)  for  determination  of  the  warming  influence  of 

infiltration  (applicable  only  for  the  region  of  seasonal  thawing  of  rocks)  is 

transcendental,  since  it  contains  two  interrelated  unknowns:  At  and  1 . 

Therefore  it  is  solved  by  the  method  of  trial  and  error,  for  wh¥cn  certa in 

values  of  At  are  given,  for  example,  a)  At  - 0.3°  and  b)  At  « 0.5  . 
prec  r prec  prec 

We  find  tj  and  S in  accordance  with  those  values.  We  will  examine  these  cases: 

a)  At  “ 0.3°;  t • t + At  “ -2.4  + 0.3  - -2.1°;  we  find  £ with  a nomo- 
prec  o prec  3 ^ 

gram  (see  Figure  16)  at  the  following  initial  data:  Cy  t “ ^50  kcaL/On  ) 

(degree);  Q - 14,400  kcal/m^;  A - 1.5  kca 1/ (m) (hr ) (degree ) ; A - 18.7°;  tf  " 

P o A 

” -2.1  . We  find  that  $ m 2.15  m;  f . - - 2.15  x 1.22  “ 2.6  m.  b)At  • 

nom  ’ A“1.5  prec 

- 0.5°;  t - -2.4  + 0.5  - 1.9°;  we  find  f for  the  given  value  of  tv ; the  re- 
maining initial  parameters  are  the  same  as  in  case  "a":  f - 2.2  i;  J , . c“ 
2.2  x 1.22  - 2.7  m.  nom  A’U5 


F6r  cases  "a"  and  "b"  we  find  the  right  side  of  equation  (5.8.3): 


Qocl  2217,5  • 2,6  ^ 0 44; 
/.x  l ,5  ■ 8760 


2217,5  • 2,7 
1,5  8760 


0,46. 
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F igure  46. 

a - At  , 
prec 

b - At 

prec 

c - Q f 
prec  ■* 


Graph  for  finding  At 
°C 

- 0.45°C 


prec* 


Similarly  to  how  it  was  done  in  finding  the  temperature  shift  At^  (example  9) 
we  will  construct  a graph  (Figure  46)  on  which  the  straight  line  y - At 
is  intersected  by  the  line  y “ Q /)>_,  The  point  of  intersection  ^q6C 

gives  the  sought  value  of  At  ^ (on  the  axis  of  abscissas)  of ^ 0.45  . 
Thus  the  temperature  regime  ^reCin  the  layer  f,  consisting  of  sandy  deposits, 
is  characterized  by  elevation  of  the  average  annual  temperature  on  the  base 
i in  relation  to  the  average  annual  temperature  on  the  surface  of  the  soil  of 
0.45°  on  account  of  the  warming  affect  of  infiltration  of  atmospheric  precipi- 
tat  ions. 


Calculation  of  the  warming  influence  of  infiltrating  simmer  grecfpitat ions  for 

the  Aldan  region,  where  V - 300  mn  in  the  summer,  t ■ 15  " 3 m;  A.  - 

’ ’ prec  * f 

■ 0.9,  gives  a value  of  At  of  1.6  . In  that  calculation  it  was  assumed 
’ prec 

that  all  sunmer  precipitations  fall  on  a horizontal  surface  where  there  is  no 
surface  runoff.  The  precipitations  infiltrate  the  ground,  releasing  all  the 
store  of  heat.  It  follows  from  that  approximate  calculation  that  even  under 
such  favorable  conditions  as,  for  example,  in  the  region  of  Aldan,  the  value 
of  At  is  relatively  small.  At  the  same  time,  for  that  region  in  the  llt- 

era  tuFe*  a warming  influence  of  the  infiltrating  summer  precipitations  is 
usually  estimated  with  figures  of  the  order  of  4-6°.  It  follows  from  formula 
(5.8.3)  that  those  figures  are  greatly  overstated.  Actually,  such  an  elevation 
of  the  average  annual  temperature  in  comparison  with  the  temperature  on  the 
surface  is  explained  by  other  factors,  in  particular  by  the  arrival  of  heat 
on  account  of  the  condensftt ion  of  vapor  contained  in  the  air  during  its  cir- 
culation in  rock  pores.  This  is  evident  from  the  fact  that  the  same  increase 
of  the  ground  temperature  from  1.5  to  2.0°  which  is  caused  by  the  infiltration 
of  300  nm  of  summer  precipitations  can  be  caused  by  the  condensation  of  100  dm3 
of  water  per  nr  of  surface  of  the  ground  (or  10  mm  of  a layer).  But  that  will 
occur  provided  that  all  the  heat  of  condensation  of  the  vapor  goes  for  the  ad- 
ditional heating  of  the  rock.  There  is  no  question  that  that  will  not  occur. 
Some  heat  will  be  lost  to  the  atmosphere.  But  4f  even  90%  of  that  heat  is  lost 
and  only  10%  goes  for  the  heating  of  rocks,  in  that  case  the  condensation  of 
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water  in  a quantity  of  100  mm  will  be  equivalent  to  300  mm  of  Infiltrating 
precipitations  If  all  the  heat  content  of  those  precipitations  (in  relation 
to  0°)  is  used  for  the  heating  of  rocks. 

Actually,  even  in  the  latter  case  only  a portion  of  the  heat  will  be  assimil- 
ated by  rocks,  and  a portion  will  be  lost  to  the  atmosphere.  This  follows 
even  from  the  fact  that  not  all  the  impinging  precipitations  will  infiltrate 
the  ground.  Some  of  them  will  go  into  surface  runoff. 

In  the  light  of  those  positions  the  relatively  great  importance  of  the  con- 
densation of  vapors  in  the  formation  of  the  temperature  regime  of  soils  is  evi- 
dent. However,  the  influence  of  infiltrating  summer  warm  precipitations,  as 
calculations  with  formula  (5.8.13)  show,  evidently  does  not  go  beyond  the  lim- 
its of  1. 5-2.0°  and  rarely  reaches  greater  values. 

Convective  flows  of  air  can  play  a considerable  role  in  the  formation  of  aver- 
age annual  temperatures  of  porous  rocks.  In  porous  soils  and  grounds,  evi- 
dently, there  constantly  is  an  exchange  of  gases  with  the  atmosphere,  caused 
tty  fluctuations  of  air  pressures  and  temperatures  on  the  surface  of  the  soil. 

If  the  rocks  are  very  porous,  such  gas  exchange  can  become  very  intense.  The 
process  in  that  case  proceeds  as  follows:  cold  (heavy)  atmospheric  air  dis- 
places the  warmer  and  lighter  air  from  the  cavities  of  the  rocks  and  cools  the 
latter.  In  that  case  it  is  itself  warmed  somewhat  and  is  again  displaced  by 
colder  air.  Winter  ventilation  of  that  sort  is  very  noticeable  in  systems  of 
shafts  and  galleries  and  works  in  porous  rocks,  intensively  cooling  the  latter 
to  a considerable  depth. 

In  addition,  separate  volumes  of  air  are  often  trapped  in  fissures  and  pores 
of  rocks  and  compressed  by  the  pressure  of  subsurface  waters.  Upon  emergence 
on  the  surface  the  temperature  of  those  masses  decreases  sharply  as  a result 
of  adiabatic  eift^ansion.  In  the  region  of  Aldan,  for  example,  in  sunnier  at  an 
air  temperature  on  the  surface  of  about  20°  flows  of  cold  air  from  slits  and 
fissures  in  rocks  with  a temperature  of  about  -11  to  -14  (Epshteyn,  1964). 

Thus  simmer  infiltrating  warmings  and  winter  convective  coolings,  combined  or 
separately,  can. occur  in  porous  or  fractured  rocks.  Those  influences  can 
considerably  change  the  average  temperatures  of  rocks  and  the  depths  of  their 
seasonal  freezing  and  thawing. 

9.  The  Influence  of  Latitudinal  Zonatlon  and  Height  Zonatlon  on  the  For- 
mation of  Frost  Conditions 

The  Influence  of  various  factors  on  the  formation  of  the  temperature  regime 
of  rocks  and  their  seasonal  freezing  and  thawing  and  other  frost  character- 
istics are  manifested  differently  in  different  geological  and  geographic 
conditions.  In  particular.  In  that  question  of  great  importance  ate  the  com- 
position of  the  rocks  and  the  annual  heat  cycles.  The  composition  of  the  rocks 
belongs  among  the  regional  factors,  and  the  heat  cycles  are  subject  to  geo- 
graphic latitudinal  zonatlon  and  height  zonatlon. 
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As  is  known  (see  Figure  22),  from  south  to  north  in  the  region  of  seasonal 
freezing  of  rocks  the  annual  heat  cycles  of  the  soil  increase  with  reduction 
of  the  average  annual  temperature  of  the  rocks  on  account  of  increase  of  the 
depth  of  freezing.  On  the  so  ithern  boundary  of  the  region  of  permafrost,  where 
the  depths  of  seasonal  fr'  ezing  and  thawing  reach  a maximum,  the  heat  cycles 
in  the  soil  have  very  gre.t  importance.  Further  in  the  region  of  propagation 
of  permafrozen  rocks  from  the  southern  boundary  northward  the  average  annual 
temperatures  decrease,  as  do  the  depth  of  the  seasonal  thawing  and  the  an- 
nual heat  cycles  in  the  soil  and  grounds. 

In  accordance  with  the  character  of  the  change  of  heat  cycles,  the  influence 
of  different  factors  on  the  formation  of  frost  conditions  should  be  examined 
as  a function  of  the  geographic  latitudinal  zonation  and  the  height  zonation. 

Let  us  examine  on  that  level  the  Influence  of  heat  cycles  on  the  structure  of 
the  radiation  heat  balance,  in  accordance  with  which  the  temperature  regime  of 
the  rooks  is  formed.  It  is  evident  from  formula  (4.1.11)  that  in  the  half- 
period  of  heating  under  the  same  conditions  of  Insulation  of  the  surface  with 
equal  amounts  of  absorbed  radiation  the  components  of  the  heat  balance  can  have 
different  values  as  a function  of  the  heat  cycles  in  the  soil.  The  increase 
of  heat  cycles  at  equal  amounts  of  absorbed  radiation  leads  to  reduction  of 
the  temperature  of  the  surface,  which  in  turn  leads  to  a decrease  of  the  ef- 
fective radiation,  expenditures  of  heat  on  evaporation  and  turbulent  heat  trans- 
fer. Since  the  greatest  changes  of  heat  cycles  are  noted  near  the  southern 
boundary  of  the  propagation  of  permaffozen  rocks,  and  they  dampen  from  south 
to  north,  then  accordingly  the  maximal  changes  of  the  components  of  the  radi- 
ation heat  balance  on  account  of  heat  cycles  will  also  be  noted  near  the  south- 
ern boundary.  Large  changes  of  heat  cycles  are  also  observed  on  sections  with 
very  icy  soils  in  the  layer  of  seasonal  freezing  where  during  the  entire  sum- 
mer, thanks  to  the  "zero  screen,"  very  large  temperature  gradients  are  observed 
in  the  layer.  On  such  sections  the  role  of  heat  cycles  of  the  soil  also  is 
large  in  the  structure  of  the  radiation  heat  balance. 

In  the  half-period  of  cooling  the  heat  cycles  in  the  soil  exert  a very  great 
influence  on  the  structure  of  the  rddiatlon  heat  balance.  In  connection  with 
the  sharp  reduction  of  the  arriving  radiation  the  heat  cycles  in  the  soil  be- 
come the  main  source  of  thermal  processes  occurring  on  the  surface. 

In  view  of  the  fact  that  the  quantity  of  absorbed  radiation  regularly  Increases 
during  movement  from  north  to  south,  and  the  annual  heat  cycles,  reaching  their 
maximum  near  the  southern  boundary  of  propagation  of  permafrozen  rocks,  decrease 
toward  both  the  north  and  the  south,  the  latitudinal  zonation  in  the  structure 
of  the  radiation  heat  balance  is  very  clearly  traced  north  of  the  southern 
boundary  of  the  permafrost  and  is  smoothed  out  to  the  south  in  accordance  with 
the  decrease  of  the  share  of  the  heat  cycles.  All  this  will  have  a substantial 
Influence  on  the  formation  of  the  temperature  regime,  the  seasonal  freezing  and 
thawing  of  the  ground  and  the  cryogenic  processes.  By  virtue  of  that,  in  com- 
piling a forecast  of  the  changes  of  frost  conditions  in  connection  with  change 
of  the  conditions  on  the  surface,  leading  to  change  of  the  structure  of  the 
radiation  heat  balance,  it  must  be  taken  into  consideration  in  which  frost- 
temperature,  latitudinal  and  height  zone  the  Investigations  are  being  conducted. 
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Directly  connected  with  heat  cycles  in  the  soil  is  the  formation  of  the  tem- 
perature regime  on  account  of  a temperature  shift.  It  is  known  that  the  max- 
imal amount  of  temperature  shift  is  noted  at  the  southern  boundary  of  propa- 
gation of  permafrozen  rocks.  It  diminishes  to  the  south  and  north.  The  dif- 
ference in  the  amount  of  shift  in  that  case  can  reach  1. 5-2.0  for  different 
frost -temperature  zones.  It  is  obvious  that  the  Influence  of  that  factor  must 
be  taken  into  consideration  as  a function  of  the  latitudinal  and  height  zonation 
differently  for  different  zones. 

Still  greater  importance  in  the  formation  of  the  temperature  regime  of  the 
soil  is  acquired  by  the  latitudinal  and  height  zonation  in  the  evaluation  of 
the  warming  influence  of  snow.  The  difference  in  the  warming  influence  of  the 
snow  cover  between  different  frost-temperature  zones  can  reach  3-5  at  the 
same  height  of  the  snow  and  an  identical  state  and  moisture  content  of  the  rocks. 
In  that  case,  maximal  values  of  the  warming  influence  of  snow  will  be  observed 
near  the  southern  boundary  of  the  permafrost.  North  and  south  of  that  it  will 
dimln ish. 

A similar  situation  is  noted  in  examining  the  influence  of  the  exposure  and 
steepness  of  slopes,  the  plant  cover  and  the  infiltration  of  atmospheric  pre- 
cipitations. 

In  examining  the  influence  of  surface  bodies  of  water  the  latitudinal  and  height 
zonation  will  be  expressed  primarily  in  variation  from  south  to  north  of  the 
critical  depth  of  the  bodies  of  water  at  which  taliks  start  to  form  under  the 
riverbeds  and  lakes.  The  configuration  of  the  through  and  non-through  taliks 
under  riverbeds  and  lakes  will  also  change  substantially  as  a function  of  the 
frost-temperature  zone  in  which  they  are  situated. 

Finally,  it  is  very  important  to  take  into  consideration  the  influence  of  the 
latitudinal  and  height  zonation  in  examining  the  transforming  role  of  man's 
productive  activity.  The  same  measures  (removal  of  the  snow  cover,  drainage 
of  soils,  change  of  the  plant  cover,  the  enswamping  and  drainage  of  territory, 
asphalting  and  leveling  of  the  terrain,  etc)  in  different  frost -temper ature 
zones  can  lead  to  substantially  different  resutts. 

Calculation  of  -tj  and  $ with  Consideration  of  the  Influence  of  Latitudinal 
Zonation  of  Natural  Factors  (Example  21) 

Calculate  how  the  temperature  regime  and  depth  of  seasonal  thawing  of  the  ground 
change  during  the  removal  of  the  plant  and  snow  cover  on  sections  near  the 
southern  boundary  of  the  propagation  of  permafrozen  rocks  (section  I)  and  on 
a section  in  frost-temperature  zone  IV  (section  II).  In  the  process  of  frost 
investigations  the  following  data  were  obtained  on  section  I:  t - -6.3  , 

A . “ 19°,  z - 0.5  m;  t>  “ 0.25  g/cc;  A - 0.28  kcal/(m)(de|fle)(hr): 

Tq  ■ 3150  hours;  4a2  “ 7.0°;  ZlA^  " 2.5°;  - 3720  hours;  - 5040  hours 

seln5.4.3  and  5.4.4).  The  soils  in  the  layer  | are  composed  of  sandy  loam 

with  the  characteristics  V “ 1250  kg/m  ; w " 28%;  C ^500  kcal/ 

3 sn  » vol  vol-t 

(m  ) (degree ) ; Q.  - 22,400  kcal/m  ; A - 1.3  kcal/ (m) (degree) (hr). 
t>  r 
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On  section  II  the  conditions  are  characterized  by  t , * -11. 7°-  A = 44°* 

air  ’ air  ’ 

zgn  - 0.5  m;  pgn  - 0.25  g/cc;  X ^ - 0.28;  = 4330  hrs;  AA2  - 6 ; f - 

- 2400  hrs;  Aa  ■ 3°;  T = 6360  hrs.  In  composition  the  soils  are  similar  to 
1 i 3 - 

ghose  on  section  I:  Y “ 1200  kg/m  ; w . “ 30%;  C ■ 500  kcal/(m  ) 

SK  VO l VO 1 - C o 

(degree);  X^  - 1.3  kca 1/ (m) (degree ) (hr ) ; - 24,000  kcal/m  . 

Solution.  1.  We  determine  the  influence  of  the  plant  cover  on  the  temperature 

regime  of  the  surface  with  formulas  (5.4.2)  and  (5.4.1),  in  which  case,  for 

calculation  of  A,,  At  was  determined  with  (5.3.10). 

1 sn 


a)  on  section  I 


At 


peer 


2 ?..r>  5040  7.0  3 20 

3,14  ' 8760 


A/1 


2.5  • 50)0  | 7.0  • 3720 


p.lCT 


8700 


— - 4.4°; 


b)  on  section  II 

At 


pact 


AA 


3,11 


3 0360  - 6 • 2400 


8700 


- 0,3°; 


3 • 6360  -}-  6 ■ 2400  „ QO 

paCT  ” “8780 3(8  * 


2.  We  find  the  warming  effect  of  the  snow  cover  on  section  I.  Using  calcu- 
lating equation  (5.3.5)  by  trial  and  error  we  find  ^hatAt  - 4.7°.  The  ini- 
tial and  calculating  data  are  presented  in  Table  34,  and  snthe  graph  for  find- 
ing At  is  on  Figure  47. 
sn 


Figure  47.  Graph  for  finding  At  near  Figure  48.  Graph  for  finding  At 

the  southern  boundary.  2in  frost-temperature  zone  IV. 

a-  At  b-Q  c-Q  d-  Q/kcal/m 
sn  gr  sn 


3.  We  determine  how  the  temperature  regime  on  the  surface  of  the  soil  and  the 
depth  5 change  during  removal  of  the  snow  and  plant  covers  on  a section  near 
the  southern  boundary: 
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a)  under  natural  conditions: 

A0  19  — 4,4  — 4,7  9, 9”; 

t0  —6.3— 1,0;  4,7  —2,6°;  % 1,30 

b)  after  removal  of  plant  and  snow  covers: 

Aa  ig";  U —(5,3  ; c 1,56 

Upon  removal  of  the  covers  the  temperature  regime  of  the  grounds  In  the  layer 
of  seasonal  thawing  becomes  more  severe  but  the  depth  f increases  by  0.26  m. 

4.  We  find  the  warming  Influence  of  the  snow  cover  on  the  eection  in  temper- 
ate zone  IV.  The  Initial  and  calculated  data  presented  in  Table  34. 


Table  34  Initial  and  calculated  date  for  determination  of  Kt 

sn 
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Bf -ion  K5/K*G A 

rpahM 

V 

'B  IV  • 
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A m or 

uu  MCpl.TOfl 

SOHbl 
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A,ch'  C 
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5 

7 

3 1 

i 5 1 

7 

1 
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1 

11,0 

9.0 

7.0 
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13,2 

11.2 
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3 
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-8,4 
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0.9 

-0,4 
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0.97 
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1 .0 

4 
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5,7 

2,7 
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5 
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0,02 
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We  find  from  a graph  constructed  on  the  basis  of  the  obtained  data  (Figure 
48)  that  the  warming  influence  of  the  snow  cover  is  3.5°. 


5.  We  determine  Bow  the  temperature  regime  varies  on  the  surface  of  the  soil 
and  the  depth  $ upon  the  removal  of  the  snow  and  plant  cover  on  section  II: 

a)  under  natural  condltlAns: 

U =-11.7  + 0,3  3,5  --=—7.9°; 

A0  = 22  — 3,8  — 3,5  ---  14,8°;  l - 1.0  m. 

b)  after  removal  of  the  plant  and  snow  covers: 

ro  ~ 1I.73;  A0  22°;  l 1,0  m. 
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Upon  removal  of  the  covers  In  that  zone  the  temperature  regime  becomes,  just 
as  on  section  I,  more  severe,  but  the  depth  of  the  seasonal  thawing  in  that 
case  is  practically  unchanged. 

It  should  also  be  noted  that  the  influence  of  the  plant  and  snow  covers  varies 
substantially  in  accordance  with  the  latitudinal  zonation.  Near  the  southern 
boundary  of  the  permafrost  the  plant  cover  is  a cooling  factor  and  lowers  the 
average  annual  temperature  of  the  soil  surface  by  1.0  ; on  the  sections  in 
frost  temperature  zone  IV  that  same  cover  (moss-shrub)  is  a warming  factor  and 
increases  the  average  annual  ground  temperature  by  0.3  . The  influence  of  the 
snow  is  unequivocal  in  both  cases  --  it  increases  the  soil  temperature  --  but  its 
quantitative  influence  is  not  identical.  Calculations  have  shown  that  snow  of 
the  same  height  and  density  under  identical  ground  conditions  elevates  the  tem- 
perature of  the  surface  near  the  southern  boundary  by  4. 7 , and  in  frost-tem- 
perature zone  IV  by  3.5  . This  difference  is  connected  with  the  latitudinal 
zonation  of  the  annual  heat  cycles  in  the  soils  and  with  reduction  of  them 
during  movement  from  south  to  north. 

The  presented  analysis  of  the  influence  of  different  factors  on  the  temperature 
ragime  of  the  soil  surface  and  in  the  layer  1 must  be  used  in  concrete  calcula- 
tions of  the  annual  heat  cycles  in  the  soil  (Q)  and  depths  of  the  seasonal  and 
potential  freezing  or  thawing  of  the  rocks  (f  and  (^)  necessary  for  forecasting 
different  changes  of  frost  conditions. 


Analysis  of  the  Summary  Influence  of  the  principal  Natural  Factors  on  the 
Formation  of  tj  and  § (Example  22) 

In  making  a frost  survey,  studies  are  made  by  means  of  various  field  methods 
of  the  composition,  cryogenic  structure,  properties,  temperature  regime,  thick- 
ness, propagation  of  seasonally  and  permanently  frozen  rocks  and  corresponding 
frost  processes  and  phenomena.  To  study  regularities  of  the  change  of  frost 
conditions  in  connection  with  change  of  the  natural  situation,  an  analysis  is 
made  of  the  bilateral  dependences  between  the  indicated  characteristics  of  the 
types  of  seasonally  and  permanently  frozen  rocks  and  separate  natural  factors. 
First  a quantitative  estimate  is  given  of  the  influence  of  natural  factors  on 
the  temperature  regime  of  soils  and  the  depth  of  their  seasonal  thawing  or 
freezing.  It  is  advisable  for  that  purpose  to  compile  a summary  table  in  which 
it  is  necessary  to  give  a characterization  of  each  type  of  locality  according 
to  geomorphologica 1 and  geological  structure,  the  hydrological  and  geobotanical 
conditions,  the  State  of  the  snow  cover  and  other  conditions  determining  heat 
exchange  on  the  surface  of  the  soil  and  in  the  thickness  of  deposits,  and  also 
the  thermophysical  properties  of  soils  (Table  35).  Later,  for  all  the  prin- 
cipal microregions  distinguished  on  the  scale  of  the  survey,  a series  of  cal- 
culations should  be  made  of  the  influence  of  each  factor  on  t^  and  i , as  was 
shown  in  the  examples  of  chapters  4 and  5,  and  the  obtained  results  tabulated. 
In  sucming  the  influence  of  all  factors  we  find  the  calculated  values  of  t^.  and 
i,  which  must  be  compared  with  the  natural  values  obtained  during  a frost  sur- 
vey. Comparison  of  the  calculated  and  natural  values  is  necessary  for  verifi- 
cation of  the  correctness  of  the  adopted  calculating  scheme.  However,  in  the 
comparison  it  should  be  borne  in  mind  that  the  calculated  data,  as  a rule. 
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characterize  the  average  annual  values  of  the  jjarameters , and  the  natural  -- 
their  values  for  a specific  year.  In  addition,  divergence  of  the  calculated 
and  natural  data  can  be  observed  if  all  the  components  of  heat  exchange  on  the 
surface  of  the  soil  and  in  the  rocks  have  not  been  taken  into  consideration. 

For  example,  rather  often  in  calculations  the  convective  component  of  heat  ex- 
change is  not  taken  into  consideration,  and  that  leads  in  individual  cases  to 
large  divergences.  Since  the  calculation  of  convective  heat  exchange  in  soils 
usually  presents  considerable  difficulties,  it  is  advisable  to  determine  the 
influence  of  the  convection  of  water  or  air  on  t^  and  i by  field  observations. 

The  correctness  of  the  calculated  data  is  determined  to  a considerable  degree 
by  the  procedure  in  calculating  the  influence  of  natural  factors  on  t^  and  J . 

It  must  be  done  as  follows.  First,  corrections  are  determined  for  the  temper- 
ature regime  of  the  surface  on  account  of  the  radiation  balance,  then  the  in- 
fluence of  the  snow  cover  is  determined,  and  later  --  that  of  the  plant  and 

water  cover  and  swampiness  --  At  . After  calculation  of  the  indicated  cor- 

* s w 

rections  the  temperature  regime  of  the  surface  of  the  soil  is  determined 
according  to  the  scheme: 

< A/*  VC!1  h VF,c,: 

A,  -1  A--1.  H-h  A/1?„. 

Then  one  proceeds  to  calculate  t^  with  consideration  of  the  temperature  shift 
and  infiltration  of  warm  precipitations  in  the  layer  of  seasonal  thawing, 
that  is, 

h M,c. 

After  the  table  is  completed,  an  analysis  is  made  of  the  regularities  of  change 
of  frost  conditions  on  the  investigated  territory  as  a function  of  a complex 
of  natural  factors.  The  calculated  data  not  only  help  analysis  of  distinctive 
features  of  the  formation  of  different  types  of  seasonally  and  permanently 
frozen  rocks,  but  make  it  possible  to  predict  their  changes  in  connection  with 
the  natural  dynamics  of  the  natural  factors  or  their  variation  during  construc- 
tion, and  also  to  purposefully  vary  the  fiust  situation. 

Presented  below  is  an  example  of  the  compilation  of  such  a table  for  a section 
of  the  Yenisey  River  where  a large-scale  frost  survey  has  been  made. 

The  investigated  section  is  on  the  left  bank  in  the  lower  reaches  of  the  Yeni- 
sey and  includes  an  in-shore  shoal,  a low  and  a high  flood  plain  complicated 
by  numerous  lakes  and  a first  terrace  above  the  flood  plain.  The  alluvial 
lower  flood  plain  is  composed  of  beds  of  alternating  sands,  sandy  loams  and 
loams,  with  a subordinate  number  of  layers  of  the  latter.  The  high  flood  plain 
is  composed  of  silty  loams  and  sandy  loams  with  layers  and  lenses  of  clay,  sand 
and  peat.  The  first  terrace  above  the  flood  plain  was  formed  in  Sartanian  time. 
The  profile  of  the  deposits  is  characterized  by  good  uniformity  over  the  area: 
from  the  surface  to  a depth  of  1-1.5  m lie  sandy  loams,  below,  to  a depth  of 
5-8  m,  sands  containing  up  to  10-15%  of  well-rounded  pebbles.  A formation  of 
alternating  sands,  loams  and  pebbles  underlies  the  profile.  The  thermophysi- 
cal properties  of  those  deposits  in  the  layer  of  seasonal  tturwing  are  pre- 
sented in  Table  35. 
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Table  35  (Continued)  Key 

A - Element  of  relief  B - Microrelief  and  calculation  C - Composition 
and  genesis  of  rocks  of  layer  D - g/cc  E - if  vnl»  g/cc 

F - CT,  kcal/ (m) (degree) (hr)  G - , kca 1 / (m) (degree ) (hr ) H - Q.,  kcal/m^ 

1 o 1 ** 

I - Air  temperature  regime,  C - a - A . b-t,  J-  Influence  of  snow 
r ° ’ air  air 

a - h,  m/p,  g/cc  b-  t , , °C  K-  t , °C  a-  for  A b - for  t . 

’ ' ’ sk  plant  air  air 

L - At  , °C  M - At  , °C  N a - calc  b - actual 
prec  ' gas 

I - First  terrace  above  flood  plain  II  - High  flood  plain  III  - Lake  basin 
on  high  flood  plain  IV  - Low  flood  plain 

a - Trench  b - Cut-through  c - Natural  conditions  --  sparse  brush  and  low 
bush  on  moss-lichen  cover  d - Natural  conditions  --  dense  alder  scrub  with 
admixture  of  willow  e - Natural  conditions  --  sparse  grassy  cover  f - Cut- 
through  and  natural  conditions  --  sparse  grassy  cover 

1 - Sandy  loam  with  lenses  of  sand  and  plant  sediments  3 

2 - Sandy  loam  with  layers  of  sand,  with  1,5  m of  fine-grained  sand  al  Qjjj  sr 

3.-  Silty  loam,  light,  with  layers  of  heavy  and  light  sandy  loam 

U - Heavy  loams  with  layers  of  silty  sandy  loams 

5 - Silty  loam,  heavy,  with  0,7  m heavy  sandyiioam 

6 - Heavy  sandy  loam,  with  layers  of  loam 

7 - Fine-grained  sand 

8 - Sandy  loam  with  layers  of  sand  and  loam  al 

The  climate  of  the  region  is  characterized  by  low  average  annual  air  tempera- 
tures (tg lr  - -10.5  ),  great  amplitude  of  their  annual  temperature  fluctua- 
tions (Aajr  “ 23,3  ) and  a large  amount  of  precipitations  (000  mm).  The  thick- 
ness of  the  snow  cover  is  extremely  irregular  on  account  of  drifts  and  varies 
from  0.2  to  0.5  m on  the  shore  and  the  lower  flood  plain  to  0.7  m and  more  on 
the  higher  flood  plain. 

Permafrozen  rocks  are  spread  completely  over  the  lower  flood  plain  and  their 
thickness  is  about  100  m.  On  the  high  flood  plain  taliks  are  developed  under 
the  bodies  of  water,  and  in  the  part  near  the  riverbed  --  frost  which  does  not 
flow  together.  The  complex  of  factors  for  each  element  of  the  relief  with 
which  the  formation  of  frost  conditions  (t^  andj  ) is  mainly  connected  is  pre- 
sented in  the  left  part  of  Table  35. 

Calculations  were  made  of  tj  and  $ under  natural  conditions  and  during  their 
variation  as  a result  of  construction  for  the  indicated  initial  data  with  the 
above  presented  formulas.  It  is  evident  from  Table  35  that  one  and  the  same 
measure,  for  example,  the  laying  out  of  a trench,  on  different  elements  of  the 
relief  characterized  by  their  own  ground  and  moisture  conditions,  leads  to  the 
formation  of  different  depths  of  thawing  and  rock  temperatures. 

To  verify  the  correctness  of  the  procedure  of  forecast  calculations,  on  the 
sections  observations  were  made  of  the  change  of  frost  conditions  in  the  pro- 
cess of  construction  and  operation  of  structures.  In  a comparison  of  the 
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calculated  values  of  t in  the  belt  of  cut-thmughs  and  trenches  and  the  data 
obtained  in  observations  in  the  first  two  ',irs  after  the  start  of  construc- 
tion, diverge  'ces  of  u:  to  2- 3 were  obtained.  This  is  explained  by  the  fact 

that  ths  cut-throughs  and  trenches  on  all  elements  of  the  relief  had  existed 
tioi.  more  than  a year  and,  co;\sequontly , were  characterized  by  an  unsteady  tem- 
perature regime  at  the  moment  of  observation,  whereas  the  calculated  data  cor- 
respond to  steady-state  conditions.  Comparison  of  data  characterizing  natural 
conditions  with  forecast  data  within  the  limits  of  various  eleman  of  the 
relief  makes  it  possible  to  give  a geological  engineering  evaluation  of  the 
section  with  respect  to  the  conditions  of  construction  and  also  to  designate 
a sy  tern  of  measures  t'  control  the  frost  process. 
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Chapter  ‘ Predicting  Change  of  the  Characteristics  of 
Permafrozen  Rock  Masses 

In  the  area  of  the  propagation  of  permafrozen  rock  masses  the  geological  en- 
gineering evaluation  of  an  investigated  region  is  determined  to  a consider- 
able degree  by  the  frost  conditions.  In  the  planning,  construction  and  opera- 
tion of  structures  and  in  the  productive  opening  up:>  of  a permafrost  region  it 
is  necessary  to  know  the  frost  conditions  not  only  at  the  moment  of  the  inves- 
tigation but  also  the  character  of  their  variation  during  construction  and 
operation.  In  that  case  the  forecast  must  include  the  characteristics  of 
change  of  the  areas  of  propagation  of  permafrozen  rocks  and  tabetisols  (taliks) 
the  conditions  of  their  occurrence,  the  seasonal  freezing  and  seasonal  thawing 
of  rocks,  the  temperature  regime,  the  heat  cycles,  cryogenic  textures  and 
structures,  composition  and  thickness,  the  thermophysical  and  physicomechan i- 
ca 1 properties  of  frozen,  freezing  and  thawing  grounds,  and  also  cryogenic 
processes  and  phenomena.  The  compilation  of  such  a forecast  must  be  based 
on  the  study  of  particular,  general  and  regional  regularities  in  the  formation 
and  development  of  permafrozen  rock  masses.  It  must  be  taken  into  consider- 
ation that  the  formation  and  development  of  permafrozen  rocks  is  inseparably 
connected  with  the  development  of  the  earth's  crust  in  the  investigated  region 
with  geologica 2 -structura 1 and  1 ithnlog ica 1 -fac ia 1 features,  with  the  geo- 
morpholojjica 1 structure,  the  neotectonics  and  the  character  of  the  hydrogeo- 
logical structures,  and  also  with  the  character  of  the  surface  conditions  and 
processes,  primarily  with  climatic  features  and  the  conditions  of  freezing  of 
permafrozen  rock  masses.  That  connection  is  reflected  very  completely  in  the 
scheme  for  classif ication  of  typ.es  of  permafrozen  rock  masses.  According  to 
that  classification,  to  compile  a forecast  of  the  change  of  frost  conditions 
(in  the  sense  of  the  dynamics  of  frozen  rock  masses)  in  the  process  of  a frost 
survey  the  necessary  information  about  the  principal  classification  signs 
should  be  gathered  together. 

1.  Principles  of  the  Classification  of  permaf rozen  Rocks 

Thi  genetic  classification  of  piermafrozen  rocks  must  reflect  the  objective 
regularities  of  their  formation  and  development. 

It  is  known  in  permafrost  studies  that  the  character  of  frozen  rock  masses  is 
determined  by  a geographic  complex  of  natural  conditions  manifested  in  definite 
geo.norp  hologic  1 1 and  geological-structural  conditions.  As  a function  of  such 
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.)  combination  of  the  com]  lex  of  natural  conditions,  frozen  rock  masses  havi 
their  own  history  of  development  and  in  connection  with  a specific  situation 
have  given  qualitative  and  quantitat ivt  characteristics.  In  connection  with 
that  it  is  advisable  to  classify  into  three  mu  in  group  s the  entire  variety  of 
i ossible  classification  characteristics  somehow  or  other  determining  the  dis- 
tinctive features  of  the  formation  and  development  of  permafrozen  rock  masses: 

1 --  geological-tectonic  medium  and  a geomnrphologica 1 situation,  to  which  the 
rocks  of  a definite  composition  and  age  correspond;  II  --  distinctive  features 
of  heat  transfer  in  connection  with  geological  and  geographic  conditions  and 
III  --  distinctive  features  of  the  frozen  rock  masses  themselves,  with  all  the 
characteristics  intrinsic  to  them. 

Each  of  those  grou:  s must  include  a large  number  of  characteristics.  it  is 
advisable  to  examine,  evidentl",  >ly  the  most  significant  of  them  and  those 
which  have  been  most  studied  and  are  most  readily  linked  with  the  character 
of  the  frozen  rock  masses  themselves. 

1.  Classification  Signs  of  Subdivision  of  Frozen  Rock  Masses 
Accord  ing  to  Geological  and  Geographic  Conditions 

1.  Ihi  subdivision  of  frozen  rock  masses  according  to  the  principal  geological- 
structural  elements  of  the  earth's  crust.  It  is  known  that  the  development  of 
rocks,  including  the  permafrozen,  is  inseparably  connected  with  the  development 
of  the  earth's  crust.  In  that  case  a special  rule  is  played  by  neotectonic 

i recesses,  which  are  comparable  in  time-  with  the  formation  of  frozen  rock  mass- 
es and  which  determined  the  character  of  unconsolidated  formations  and  the 
principal  features  of  the  contemporary  relief.  Therefore  it  is  advisable  to 
distinguish  three  tyj es  of  frozen  rock  masses,  concentrated  in  the  contemporary 
structural  forms  of  the  earth's  crust,  which  are  characterized  by  a definite 
type  of  neotectonic  development  (Nikolayev,  1962): 

a)  frozen  rock  masses  of  platform  regions  with  weak  manifestation  of  neotec- 
tonics.  Thes-  regions  are  divided  into  continental  and  those  arranged  within 
toe  limits  of  the  continental  shelf  of  the  ocean.  According  to  the  directivity 
of  the  neotectonic  movements  regions  are  distinguished  in  which  upthrusts  have 
predominated  and  regions  within  whose  limits  subsidences  (plates)  have  played 
an  important  role; 

b)  frozen  rock  masses  of  regions  of  continental  mountain  building.  In  inten- 
sity of  the  processes  of  mountain  building  those  regions  are  divided  into  re- 
gions with  weak  man ifaes ta t ion  of  mountain  building  processes,  regions  of 
mountain  building  of  moderate  intensity  and  regions  with  very  intensive1  moun- 
tain building  processes; 

c)  frozen  rocks  of  regions  of  contemporary  geosync  1 ines . More  detailed  sub- 
divisions of  the  classification  characteristics  with  respect  to  geological- 
structural  and  neotectonic  features  of  a territory  can  be  adopted  in  accor- 
dance with  the  existing  classification  of  N.  N.  Nikolayev  (1962). 

2.  The  enumerated  structural  forms  and  the  character  of  their  development 
determine  to  a considerable  degree  the  distinctive  features  of  the  geomorpho- 
logical  conditions  in  which  the  formation  of  frozen  rock  masses  occurs.  On 
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th.  basis  of  th.it  characteristic  it  is  advisable  to  classify  frozen  rocks 
according  to  the  relief  with  the  general  type  of  geological  structures  into 
three  groups: 

a)  permafrozen  rock  masses  within  the  limits  of  accumvi  lat  ion  plains; 

b)  jermafmzen  rock  masses  within  the  limits  of  denudation  plains; 

c)  permafrozen  rock  masses  within  the  limits  of  mountains  and  highlands. 

It  is  advisable  to  make  a more  detailed  subdivision  of  the  classification  of 

permafrozen  rock  masses  on  the  frost-geomorphologica 1 principle  on  the  basi 
of  the  difference  in  features  of  the  structure  of  the  relief,  and  also  of  the 
directivity  and  intensity  of  neotectonic  movements  which  stipulated  the  regu- 
larities of  the  frozen  or  thawed  state  and  the  formation  of  thicknesses  of 
frozen  rock  masses.  For  example,  permafrozen  rocks  within  the  limits  of  the 
accumulation  plains,  relatively  stabb  in  a tectonic  respect,  with  a dee:  rock 

be  ding  (or  with  i shallow  rock  bedding),  etc. 

To  clarify  the  regularities  in  the  formation  of  frozen  rock  thicknesses  and 
their  structure,  the  formation  of  the  temperature  regime  and  the  frost  physical 
geological  (cryogenic)  processes  and  formations  accompany ing  them,  it  is  ad- 
visable to  classify  permn frozen  rock  masses  further  by  types  and  relief  ele- 
ments. For  exam;  le,  permaf  'ozen  rocks  within  river  basins,  permafrozen  rocks 
of  stee_L  and  gentle  slopes,  etc. 

Existing  geomorphologica 1 classifications  (for  example,  that  of  N.  V.  Bashe- 
nina  et  al,  1959)  can  be  used  in  constructing  a particular  classification  of 
permafrozen  rocks  on  the  f rost-goomorpho log ica 1 principle. 

3.  The  character  of  the  hydrogeological  structure  along  with  other  components 
of  the  geological  and  geographical  conditions  and  with  processes  of  haat  ex- 
change determines  the  concrete  form  of  interaction  of  the  subsurface  waters 
with  the  frozen  rocks,  which  finds  reflection  in  the  principal  characteristics 
of  frozen  rock  masses.  Types  of  water-pressure  systems  derived  by  A.  M.  Ov- 
chinnikov (1960)  can  be  used  for  the  classification  of  frozen  rocks  according 
to  hydrogeological  conditions.  On  that  basis  four  types  of  froze  i rock  masses 
are  distinguished: 

a)  frozen  rock  masses  of  artesian  basins  of  the  platform  type; 

b)  frozen  rock  masses  of  artesian  intermountain  areas  and  piedmont  troughs; 

c)  frozen  rock  masses  of  water-pressure  systems  of  fissure  waters  of  old 

crystalline  massifs  without  neotectonic  deformations  (or  complicated  by 
neotectonic  movements  and  faults); 

d)  frozen  rock  masses  of  jointed  basins  of  subsurface  waters  of  mountain 
structures  without  manifestation  of  young  magm.it  ism  (with  manifestation 
of  young  magmatism,  with  recent  volcanic  activity,  etc). 

The  mineralization  of  subsurface  waters  has  a great  influence  on  the  formation 
of  frozen  rocks  within  the  limits  of  distinguished  hydrogeological  structures. 
Therefore  it  is  advisable  to  distinguish  frozen  rocks  forming  during  the  freez- 
ing of  water-bearing  horizons  with  fresh  waters  (a  mineralization  of  up  to 
1 g/li*"er),  salty  (1-10  g/liter)  and  saltier  waters  (10-50  g/liter)  and  brines 
(more  than  50  g/llter).  Fermaf rozen  rock  masses  are  classified  in  greater 
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detail  on  the  basis  of  the  main  distinctive  features  of  their  interaction 
with  different  tyres  of  subsurface  waters  of  the  frozen  zone  (Romanovskiy, 

1972)  and  the  main  reasons  for  the  formation  of  tabetisols  (see  Table  £5). 

4.  Frozen  rock  masses  are  subdivided  on  the  basis  of  genesis,  composition  and 
agi  in  accordance  with  generally  accepted  geological  classifications.  It  also 
is  advisable  to  classify  unconsolidated  sedimentary  frozen  rocks  of  the  Ceno- 
zoic  on  the  basis  of  the  lithological  facies  to  which  they  belong.  On  the  ba- 
sis of  lithological  characteristics  permafrozen  rocks  can  be  subdivided  in 
detail  on  the  basis  of  the  corresponding  geological  engineering  classifications, 

II.  C lass  if icat ion  Character ist ics  for  the  Subdivision  of  Frozen  Rock 
Masses  According  to  the  Character  of  the  Heat  Transfer 

Of  great  importance  in  the  formation  of  frozen  rock  masses  is  tha  total  amount 
of  absorbed  shortwave  solar  radiation  imr  inging  on  the  earth's  surface,  and 
also  the  structure  of  the  radiation  balance  of  the  ground.  The  connecting 
links  between  the  radiation-heat  balance  and  thermal  processes  in  the  soil  are 
the  effective  radiation  and  the  heat  cycles  of  the  soil.  In  the  structure 
of  the  rad iat ion-hea t balance  the  place  of  those  two  characteristics  is  essen- 
tially different  at  different  latitudes  and  is  determined  to  a great  extent 
as  a function  of  the  continental  climate  (see  Chapter  2).  In  connection  with 
that  it  is  advisable  to  distinguish  the  following  types  of  frozen  rock  masses: 

1.  On  the  basis  of  geographic  latitude  one  can  distinguish  the  southern,  mid- 
dle and  northern  tyj.es  of  frozen  rock  masses,  characterized  by  a definite  range 
of  amounts  absorbed  solar  radiation  and  effective  radiation. 

2.  On  the  basis  of  a continental  climate  it  is  necessary  to  distinguish  the 
tyj.es  of  frozen  rock  masses  characteristic  of  a maritime  (with  an  air  tempera  - 
turo  aim  litude  of  uj,  to  11  ),  continental  (with  amplitudes  of  II  to  1 7°)  and 
extremely  continental  climate  (with  an  amplitude  larger  than  17°).  Each  of 
those  types  of  frozen  rock  masses  has  its  own  conditions  of  formation  of  the 
temj erature  regime  of  rocks. 

3.  On  the  basis  of  the  average  annual  temperatures  of  rocks  it  is  advisable 

to  divide  frozen  rock  masses  into  five  fi  o st-temjjera  ture  zones,  each  of  which 
is  characterized  by  a definite  qualitative  complex  of  frost  conditions:  the 

first  zone  with  average  annual  temperatures  of  rocks  of  from  0 to  - 1 ‘ , the 
second  --  from  -1  to  -3  the  third  --  from  -3  to  -5’  , the  fourth  --  from  -5 
to  -10  , and  the  fifth--  below  -10  . Depending  on  the  character  of  the  change 
of  the  mu  in  complexes  of  surface  conditions  which  regularly  form  the  average 
annual  temperature  of  the  rocks  within  the  limits  of  the  distinguished  geo- 
morj.ho logica 1 elements,  the  temperature  gradations  can  be  smaller.  For  exam- 
ple, in  the  second  zone  temperatures  of  - 1 to  -2  can  be  distinguished  as 
sufficiently  dynamic  for  the  ojjening  up  of  territory;  the  fourth  and  fifth 
zones  can  be  given^in  gradations  from  -5  to  -7  , from  -7  to  -9  , from  -9  to 
-11  and  below  -11  , which  is  characteristic  of  the  coasts  of  arctic  seas  and 
corresj.onds  to  certain  geolog  lea  1 -structura  1 conditions  (Kondrat  'yeva  et  al, 
1972). 
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4.  On  the  basis  of  the  length  of  the  ; er iod  of  temperature  fluctuations  >n 
the  surface  of  the  ground  the  following  gradations  of  frozen  rock  musses  are 
d ist ingu ished : 

.1 ) r-'ck  masses  in  tin  frozen  state  during  the  contemporary  ; er iod  (q  It 

is  advisable  to  distinguish  among  them  short  ; eriod  frozen  rock  masses  whic 
have  existed  in  the  frozen  state  for  tens  of  years,  medium-period  --  for  hun- 
dreds of  years,  and  long-period  --  for  thousands  of  years; 


t) ) rock  masses  which  have  been  in  the  frozen  state  since  Ih  : er  Quaternary 
rime 

c)  since  Middle  Quaternary  time  (Qjj); 

d)  since  Lower  Quaternary  time  (Q.); 

e)  since  pre- -Qua ternary  time. 


5,  On  the  basis  of  correlation  of  the  average  annual  (t  ) and  extreme  (t  . 

and  t ) tempera tures  of  rocks,  three  gradations  of  frozen  rock  masses  can 

be  ^^d  ist  ingu  ished : a)  when  t < 0;  b)  when  t ■ 0;  and  c)  when  t . 

„ , ® max  m nun 

• 0 and  t 0. 

m 

In  the  first  case,  permafrozen  rock  masses  during  the  entire  period  of  t«_m- 
jerature  fluctuations  flow  together,  but  their  lower  surface  is  periodically 
shifted  and  their  thicknesses  vary.  In  the  second  case  the  frozen  rock  mass 
jeriodically  freezes  and  thaws  but  from  above  and  from  below,  and  in  some 
periods  of  time  either  nonconfluent  or  layered  frost  forms,  the  central  part 
of  the  frozen  rock  mass  in  that  case  exists  for  the  entire  ; eriod.  In  the 
third  case,  during  a large  part  of  the  period  of  fluctuation  of  temperature 
on  the  surface  of  the  groemd  there  is  no  frozen  rock  mass.  It  appears  jeriod- 
ically only  in  the  "cold"  part  of  the  period. 


6.  On  til*  basis  of  the  quantity  of  the  heat  flux  from  below,  toward  the  base 
of  the  frozen  rock  masses,  it  is  advisable  to  distinguish  three  gradations  of 
frozen  rock  masses:  a)  with  a small,  b)  medium,  and  c)  large  heat  flux,  cor- 
responding to  the  geothermal  gradients  of  from  0 to  0.02,  from  0.02  to  0.04 
and  more  than  0.04  degree/m  at  a coefficient  of  thermal  conductivity  of 
2 kca 1/ (m) (hr ) (degree ) . Inder  those  conditions  the  heat  fluxes  are  determined 
as  follows:  , from  0 to  250  kc  1 1/ (yr ) (m~ ) , from  250  to  500  and  more  than  500 
kca  1 / (yr ) (m"" ) . The  amount  of  the  heat  flux  from  the  depths  of  the  earth  is 
expressed  above  all  in  the  thicknesses  of  the'  frozen  rock  masses,  on  their 
dynamics,  and  also  on  the  rate  of  freezing  or  thawing,  which  in  turn  deter- 
mines the  distribution  of  the  ice  content  of  the  frozen  rock  lasses  and  their 
cryogenic  textures. 


7.  On  the  basis  of  the  ice  content  of  the  frozen  rock  masses  and  the  corre- 
sponding perennial  heat  cycles  in  rocks  it  Is  advisable  to  distinguish  the 
feil  lowing  three  gradations: 


.i ) frozen  rock  masses  without  inclusions  of  ice  (frost),  with  minimal  heat 
cycles,  connected  with  only  one  heat  capacity  (without  phase  transit  ions); 

b)  frozen  rock  masses  with  little  ice,  with  a monolithic  cryogenic  texture 
(with  a moisture  content  not  greater  than  the  total  moisture  capacity),  with 
heat  capacities  of  medium  value,  forming  mainly  on  account  of  the  heat  capa- 
city of  the  rocks  and  partially  on  account  of  phase  transitions  of  the  water; 

c)  frozen  rock  masses  with  large  amounts  of  ice,  with  ice  layers  and  lenses 
(th.  moisture  content  of  which  is  greater  than  the  total  moisture  capacity), 
with  larg-  heat  cycles  which  form  .nainly  on  account  of  phase  transitions  of 
water  and  only  partially  on  account  of  the  heat  capacity  of  the  rocks. 

These  gradations  make  it  possible  to  characterize  not  only  the  heat  cycles 
but  also  the  composition  of  the  frozen  rock  masses,  their  genesis,  and  the 
conditions  of  freezing,  and  will  even  indirectly  characterize  the  history  of 
the  formation  of  the  frozen  rock  masses.  It  is  obvious  that  th  ise  gradations 
will  relate  only  to  epigenetic  frozen  -ock  masses.  Syngonetic  rock  masses, 
evidently,  can  differ  mainly  in  the  total  ice  content  with  consideration  of 
the  history  of  their  formation  and  chj  dynamics  of  their  freezing  (see  sec- 
tion 3 of  th  : resent  chapter).  Hard  fractured  rocks  freezing  epigenetica 1 1 ly 
should  be  classified  with  consideration  of  the  filling  of  fissures  with  icc. 

8.  0,i  the  basis  of  th  _■  character  ->f  the  convective  heat  transfer  participat- 
ing in  the  fornntion  of  the  frozen  rock  masses,  the  following  three  gradations 
should  be  distinguished: 

a)  frozen  rock  masses  with  convective  heat  transfer  on  account  of  the  cir- 
culation of  the  waters  above  the  frost; 

b)  frozen  rock  masses  with  interrupted  spread  with  convective  heat  exchange 
on  talik  zones; 

c)  frozen  rock  masses  with  convective  h.at  transfer  on  their  lower  surface 
on  account  of  the  circulation  of  waters  below  the  frost. 

The  influence  of  convective  heat  exchange  o.i  account  of  waters  below  the  fro., t 
is  determined  by  the  dex th  of  their  occurrence  and  the  character  of  the  cir- 
culation. A very  great  influence  is  noted  when  the  subsurface  waters  contact 
frozen  rock  masses  with  intensive  circulation.  With  increase  of  the  depth  of 
subsurface  waters  from  the  lower  surface  of  frozen  rock  masses  and  with  in- 
crease of  their  velocity  the  worming  influence  of  the  subsurface  waters  dimin- 
ishes. 


d)  frozen  rock  masses  with  convective  heat  transfer  on  account  of  th.  cir- 
culation of  air  masses  through  the  cracks  and  karst  cavities.  Included  in 
the  former  type  ire  frozen  rock  masses  and  ice  of  caves,  the  formation  of 
which  involves  the  flow  of  cold  winter  air  into  cavities  of  th .?  earth's  crust 
under  conditions  of  hindered  air  exchange.  Frozen  rocks  of  that  type  .ire  of- 
ten widespread  in  various  mine  workings  both  in  and  outside  a region  of  per- 
mafrost . 
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The  circulation  of  air  masses  is  a phenomenon  fairly  widespread  in  rocks 
composing  denudation  plains  with  a thin  and  coarse  unconsolidated  cover.  The 
air  circulation  occurs  in  the  zone  of  aeration  and  is  directly  connected  with 
with  atmospheric  pressure  fluctuations  and  the  regime  of  the  ground  water 
level.  Frozen  rocks  of  that  type  are  characterized  by  great  dynamicity. 

III.  Classification  Characteristics  for  the  Subdivision  of  Frozen  Rock 
Masses  According  to  Distinctive  Features  of  their  Propagation, 

Occurrence  and  Main  Characteristics 

1.  On  the  basis  of  the  character  of  their  distribution,  frozen  rock  masses 
are  subdivided  into  the  following  varieties; 

a)  frozen  rock  masses  with  a continuous  distribution  in  which  through  taliks 
are  developed  only  under  large  rivers  and  lakes  and  on  sections  of  discharge 
of  waters  under  frost; 

b)  frozen  rock  masses  with  an  interrupted  distribution  with  islands  of  thawed 
rocks,  the  formation  of  which  can  be  caused  both  by  the  warming  influence  of 
surface  waters  and  by  other  distinctive  features  of  heat  exchange  on  the  sur- 
face of  the  ground.  The  frozen  rocks  occupy  more  than  50%  of  the  xrea ; 

c)  frozen  rock  masses  with  a continuous  distribution,  representing  large 
blocks,  developed  on  a general  background  of  thawed  or  unthawed  deposits.  The 
area  occupied  by  the  frozen  rocks  amounts  to  less  than  50%; 

d)  frozen  rock  masses  with  an  island-like  distribution,  developed  locally. 
Their  formation  or  preservation  is  possible  when  there  is  a combination  of  a 
number  of  favorable  factors  and  conditions.  In  area  they  occupy  not  more 

a few  percentage  points. 

2.  On  the  basis  of  the  character  of  their  structure  frozen  rock  masses  can 
be  divided  (vertically)  into: 

a)  continuous  frozen  rock  masses  without  thawed  layers; 

b)  layered  frozen  rock  masses,  where  in  the  profile  one  observes  an  alterna- 
tion of  permafrozen  rocks  and  thawed  layers  or  bodies  of  a different  form. 

3.  On  the  basis  of  the  Interaction  of  a frozen  rock  mass  with  a layer  of 
seasonal  thawing  and  freezing  the  following  are  distinguished: 

a)  confluent  frozen  rock  masses  in  which  the  layer  of  seasonal  thawing  is 
the  roof  of  the  latter; 

b)  nonconfluent,  where  between  the  base  of  the  layer  of  seasonal  freezing 
and  the  upper  surface  of  the  permafrozen  rock  mass  remains  a thawed  layer 
which  is  preserved  in  the  course  of  the  winter; 

4.  On  the  basis  of  genesis,  permafrozen  rock  masses  are  divided  into: 

a)  the  epigenetic,  that  is,  those  which  froze  after  the  accumulation  and  epi- 
genesis of  rocks; 
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b)  the  syngenetic,  that  is,  those  which  accumulated  and  froze  in  the  geo- 
logical sense  simultaneously.  Syngenetic  frozen  rocks  in  composition  and 
age  are  unconsolidated  Quaternary  deposits; 

c)  polygenetic,  that  is,  in  the  character  of  the  freezing  having  a two-level, 
and  more  rarely  a multilevel,  structure.  The  lower  level  of  two-level  rock 
masses  is  formed  of  epigenetic  frozen  rock  masses,  and  the  upper,  of  syngenetic. 

5.  On  the  basis  of  cryogenic  structure  (the  cryogenic  textures  of  the  rocks) 
frozen  rock  masses  are  divided  into: 

a)  epigenetic,  having  inherited  (according  to  A.  I.  Popov)  cryogenic  textures 
in  which  the  spatial  differentiation  of  the  ice  inclusions  is  caused  by  the 
initial  fracturing,  porosity  or  cavernosity  of  the  rocks.  Among  them  one  can 
distinguish  cryogenic  textures:  inherited  primary  textures  in  which  the  ice 
volume  does  not  exceed  the  volume  of  open  porosity  (or  fracturing)  of  the  rock 
before  its  freezing,  and  inherited  expanded  textures,  that  is,  those  in  which 
the  volume  of  the  ice  inclusions  is  greater  than  the  volume  of  the  open  poro- 
sity (or  fracturing)  which  occurred  before  the  start  of  freezing  of  the  rocks. 
Inherited  cryogenic  textures  are  encountered  in  solid  and  semi-solid  rocks; 

b)  epigenetic,  having  migra t iona 1-segregat iona 1 or  congelat iona 1 cryogenic 
textures.  In  such  frozen  rocks  the  moisture  in  the  process  of  freezing  could 
migrate  or  freeze  in  cavities,  creating  a spatial  disposition  of  ice  which 
could  not  correspond  to  the  initial  composition  of  the  rock.  Included  in  rocks 
having  that  type  of  cryogenic  textures  are  loose  rocks  (Quaternary  and  pre- 
Quaternary  deposits)  and  also  a portion  of  the  semi-solid  weathered  rocks; 

c)  syngenetic  frozen  rocks  having  cryogenic  textures  which  arise  as  a result 
of  redistribution  of  moisture  in  the  seasonally  thawed  layer  during  its  freez- 
ing. A large  portion  of  the  cryogenic  textures  of  syngenetic  frozen  deposits 
is  created  thanks  to  freezing  of  the  seasonally  thawed  layer  from  below  and 
transition  of  the  lower  part  of  the  latter  into  the  permafrost  state.  In  con- 
nection with  that  the  ice  content  by  volume  of  the  deposits  usually  exceeds 
their  total  moisture  capacity  in  that  state; 

d)  epigenetic  and  syngenetic  frozen  rock  masses  with  large  ice  accumulations 
in  the  form  of  syngenetic  and  epigenetic  multipie-vein  ice,  injection  ice, 
hydrolaccoliths,  cave  ice  and  buried  firn  basins  and  glaciers. 

6.  On  the  basis  of  structure  and  composition,  permafrozen  rock  masses  are 
divided  into  those: 

a)  having  a single-level  structure,  that  is,  composed  completely  from  roof 
to  base  of  either  loose  or  solid  rocks; 

b)  having  a two-level  structure,  that  is,  composed  in  the  upper  part  of  loose 
and  in  the  bottom  of  solid  or  semi-solid  permafrozen  rocks.  Within  the  limits 
of  loose  frozen  rock  masses  syngenetic  and  epigenetic  freezing  of  the  deposit 
can  be  distinguished. 
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7.  On  the  basis  of  the  number  of  freezing  cycles,  permafrozen  rocks  are  di- 
vided into: 

a)  those  which  have  frozen  once,  that  is,  those  which  have  existed  continu- 
ously in  the  permafrozen  state  from  the  start  of  their  freezing  to  the  present; 

b)  those  which  have  frozen  and  thawed  repeatedly,  that  is,  those  which  since 
the  start  of  their  perennial  freezing  to  the  present  have  frozen  at  least 
and  thawed  once  either  completely  or  from  above  or  from  below. 

8.  On  the  basis  of  thickness  of  the  frozen  rock  masses,  depending  on  their 
composition,  other  conditions  being  equal,  the  following  four  gradations  can 
be  distinguished: 

a)  frozen  rock  masses  of  limiting  thickness,  composed  of  frozen  solid  rocks 
with  a large  coefficient  of  thermal  conductivity; 

b)  frozen  rock  masses  of  great  thickness,  composed  of  loose  frozen  rocks; 

c)  frozen  rock  masses  of  medium  thickness,  composed  of  loose  deposits  with  a 

moisture  content  (ice  content)  not  greater  than  the  total  moisture  capacity 

(w  < w ); 
m-c 

d)  frozen  rock  masses  of  small  thickness,  composed  of  loose  deposits  with  a 
moisture  content  (ice  content)  greater  than  the  total  moisture  capacity.  In 
that  case  in  the  process  of  formation  of  frozen  rock  masses  it  is  assumed  that 
there  is  a possibility  of  inflow  of  moisture  from  below  toward  the  front  of 
freezing  from  lower-lying  thawed  water-bearing  layers. 

9.  On  the  basis  of  the  dynamics  of  frozen  rock  masses  the  generally  accepted 
directions  of  development  of  the  frost  process  should  be  distinguished:  degrada- 
tional,  stable  and  aggradat Iona  1 . It  is  known  that  there  exists  an  infinite 
number  of  such  directions  in  both  time  and  space  (in  depth).  Therefore  it  is 
advisable  to  examine  aggradational,  degradat iona 1 and  stable  directions  in  the 
uppermost  levels  of  the  frozen  rock  masses,  on  its  upper  boundary  and  also  on 
the  lower  boundary  and  in  the  central  part  of  the  frozen  rock  mass.  In  that 
case  the  following  frozen  rock  masses  can  be  distinguished:  a)  degrading  over 
the  entire  thickness;  b)  degrading  in  the  upper  part  and  aggrading  on  the  lower 
boundary,  and  the  reverse;  c)  aggrading  upward  and  degrading  downward;  d)  ag- 
grading over  the  entire  thickness,  etc.  Similar  gradations  Can  be  derived  as 

a function  of  time:  short-period  degradations,  medium-period  aggradat  ions , 
long-period  aggradat ions , Upper  Quaternary  degradations,  etc. 

Very  great  interest  usually  is  aroused  by  determination  of  the  contemporary 
state  of  frozen  rock  masses  and  also  the  history  of  their  development.  In 
each  concrete  case  the  classification  scheme  of  the  dynamics  and  the  history 
of  the  development  of  frozen  rock  masses  in  a given  region  must  be  its  own  and 
be  closely  connected  with  the  general  course  of  the  geological  development  of 
the  investigated  region. 
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In  examining  degradation  and  aggradation  one  should  distinguish  varieties  con- 
nected only  with  change  of  the  temperature  field  and  varieties  connected  with 
the  thawing  of  frozen  rock  masses  and  their  formation  again.  In  that  case  the 
classification  characteristics  with  respect  to  the  dynamics  and  history  of 
frozen  rock  masses  are  closely  interwoven  with  the  characteristics  of  their 
compos  it  ion  and  structure. 

2.  General  Regularities  of  the  Formation  of  Permafrozen  Rock  Masses 

The  thermal  state  of  permafrozen  rocks  is  connected  with  heat  exchange  on  the 
surface  of  the  ground  between  the  lithosphere  and  atmosphere.  That  heat  ex- 
change is  completed  under  definite  geological  and  geographic  conditions  which 
determine  the  composition  of  the  frozen  rock  masses  and  character  of  their  de- 
velopment during  the  period  of  time  under  consideration. 

Frozen  rock  masses  have  very  varied  composition,  distribution,  temperature  re- 
gime, thickness  and  length  of  existence. 

/The  composition,  structure  and  texture  of  frozen  rock  masses/  reflect  distinc- 
tive features  of  the  processes  of  freezing  and  their  dynamics  and  are  factors 
determining  the  properties  of  permafrozen  rocks.  The  main  component  of  frozen 
rocks  is  ice.  The  ice  content  of  frozen  rock  masses,  their  structure  and  cryo- 
genic textures  depend  mainly  on:  1)  the  geological  genetic  type  of  the  rocks 
(genesis  and  stratification  of  deposits)  3<'d  facies  they  belong  to  (flood*- 
plain,  oxbow,  lake  facies,  etc);  2)  their  dispersion  and  minera logica 1 com- 
position; 3)  the  moisture  content  of  deposits  and  their  aqueous  properties; 

4)  the  character  of  the  freezing  of  the  rocks  (syngenetic  and  epigenetic  rock 
masses);  5)  the  rates  of  processes  of  freezing  of  rocks  and  the  character  of 
the  temperature  fluctuations  on  the  surface.  In  that  case  it  should  be  borne 
in  mind  that  different  in  characteristic  features  in  that  respect  are  loose 
moist  rocks  in  which  ice  appears  as  a rock-forming  mineral.  Magmatic  and  sedi- 
mentary dense  rocks  with  low  porosity  and  moisture  content  change  their  compo- 
sition, texture  and  properties  insignificantly  during  freezing. 

Syngenetic  rock  masses,  the  freezing  of  which  occurred  during  sedimentation, 
are  widespread  in  alluvial,  alluvial-lake,  lake-swamp,  deluvial,  proluvial  and 
seacoast  sediments.  They  usually  have  a layered  cryogenic  texture  connected 
with  the  fact  that  the  seasonally  thawed  layer  freezes  in  winter  not  only  from 
above  but  also  from  below,  in  connection  with  which  ice  schlieren  form  in  both 
the  upper  part  of  that  layer  and  in  its  base.  That  phenomenon  is  connected 
with  the  dynamics  of  the  seasonal  thawing  of  the  rocks  and  has  latitudinal 
zonation  (see  Figure  28).  Syngenetic  rock  masses  with  a fine-layered  cryo- 
genic fc«xture  are  very  widespread  in  permafrozen  rocks,  the  tj  of  which  is 
b«low  -3".  In  regions  where  permafrozen  rocks  are  prevalent  and  where  ty  is 
above  -3  , monolithic  and  lens-shaped  cryogenic  textures  are  mainly  developed. 
Loose  deposits  which  have  frozen  ep igenet ica 1 ly  are  characterized  by  layered 
and  layered-reticular  cryogenic  textures  and  their  formation  is  connected  with 
certain  aqueous  properties  and  the  moisture  content  of  the  thawed  rocks  which 
are  freezing  and  lying  beiow,  and  also  with  the  rate  of  freezing  and,  conse- 
quently, with  the  thermop^ys ica 1 properties  of  the  rocks,  the  temperature  re- 
gime on  the  surface  and  the  geothermal  gradient. 
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The  optimal  conditions  of  ice  formation  are  connected  with  slow  freezing, 
with  an  adequate  constant  flow  of  moisture  toward  the  front  of  freezing  and 
with  large  heat  cycles  in  the  freezing  rocks.  When  there  are  harmonic  fluc- 
tuations of  temperature  on  the  surface  the  rate  of  epigenetic  freezing  of  the 
rocks  diminishes  with  depth.  However,  when  there  is  a constant  water-bearing 
level  the  flow  of  moisture  toward  the  front  of  freaezing  increases  with  depth. 

By  virtue  of  these  two  circumstances  the  ice  content  of  the  frozen  rock  mass 
could  increase  with  depth. 

But  the  heat  cycles  in  a frozen  rock  mass  diminish  with  depth  in  an  almost  geo- 
metric progression,  and  that  leads  to  a sharp  reduction  of  the  possible  ice 
formation  with  depth.  This  is  decisive  and  the  general  picture  of  the  distri- 
bution of  ice  by  depth  usually  is  character ized  by  the  presence  of  a layer  with 
a larger  ice  content  within  the  limits  of  the  upper  third  of  the  frozen  rock 
mass.  Superposed  on  that  general  regularity  is  the  influence  of  the  geological 
structure  and  litholdgical  features  of  the  separate  levels,  and  also  their  phy- 
sical and  aqueous  properties. 

/The  influence  of  the  upper  boundary  conditions  on  the  formation  of  frozen  rock 
masses  and  their  temperature  regime/.  When  there  are  harmonic  fluctuations  of 
temperature  on  the  surface  of  the  ground  the  upper  boundary  conditions  are  de- 
termined by  the  period  of  perennial  temperature  fluctuations  on  the  surface 
T , the  amplitude  of  temperature  fluctuation  on  the  surface  during  that  period 

A^er  and  the  average  temperature  on  the  surface  during  that  period  t . 
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Figure  49.  Damping  of  amplitudes  with 
depth  as  a function  of  T : 1 - 10  yrs; 
2-40  yrs;  3 - 300  yrs;^er3a  - shift  of 
phases  --  maxima  and  minima  --  in  depth 
during  fourth  of  a period. 

In  a number  of  works  (Milankovich,  1939;  Kudryavtsev, 
1953;  Shnitnikov,  1957;  et  al)  the  existence  of  peren- 
nial fluctuations  of  the  conditions  of  heat  exchange 
on  the  surface  of  the  ground  with  the  periods  T “ 11 

years,  T - 40  years,  T - 300  years  and  T • n x 10^ 

Z J n 

years,  that  is,  relatively  short -period  and  long-period 

oscillations,  was  substantiated.  In  connection  with 

that  the  actual  changes  of  the  thermal  state  of  rocks 

have  a complex  oscillatory  character  which  Figure  49 

can  illustrate.  The  influence  of  the  length  of  the 

period  (T  on  the  depth  of  permafrost  (f^)  flows 

from  formula  (4.2.1);  f is  directly  proportional  to 
/Tpe]  Other  condition^  being  equal,  the  thickness 

Increases  with  decrease  of  t from  south  to  north. 

o-per 

That  Increase  proceeds  according  to  a complex  law  as 
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a result  of  imposition  of  the  influence  of  a large  number  of  geographic  and 
geological  factors  and  conditions.  As  a result  of  thatatthe  depth  of  the 
frozen  rock  mass  there  can  simultaneously  be  aggradat  iona 1 and  degradat  Iona  1 
processes,  and  the  change  of  thickness  of  the  frost  will  be  determined  by  the 
intensity  of  the  process  predominating  at  the  given  depth.  For  example,  on 
account  of  short-period  oscillations  thawing  of  the  frozen  rock  mass  can  pro- 
ceed from  the  surface,  and  at  the  same  time  on  account  of  long-period  oscil- 
lations of  the  temperature  the  base  of  the  frozen  rock  mass  can  be  lowered. 

The  influence  of  A and  t on  f is  similar  to  that  of  the  corre- 

o-per  o-per  per 

sponding  parameters  on  £ . However,  it  is  evident  from  formula  (4.2.1) 

that  the  depth  f depeSSsSsubstant ia 1 ly  on  the  Heat  flow  from  below  and  the 
counted  value  of^erthe  geothermal  gradient  g in  the  underlying  thawed  rocks. 

It  has  been  found  with  computer  calculations  (Kudryavtsev  and  Melamed,  1967) 
that  when  g increases  from  0 to  0.03  degree/m,  t decreases  by  a factor  of 
1.5-2.  In  accordance  with  that,  an  especially  P*rgreat  influence  of  g is 
noted  in  regions  of  high  tectonic  activity. 

In  the  case  of  close  bedding  Co  the  base  of  the  frozen  rock  mass  of  fl  water- 
bearing horizon  the  influence  of  g on  the  thickness  and  temperature  regime  of 
the  frozen  rock  mass  is  complicated  and  often  overlapped  by  the  invluence  of 
convective  heat  transfer.  In  a number  of  cases  that  influences  causes  a thawed 
state  of  the  rocks  on  those  sections,  where  without  it  a frozen  rock  mass  of 
a given  thickness  would  have  existed. 

/The  influence  of  the  lithological  characteristics  of  the  composition  and  ice 
content  of  rocks/  on  the  dynamics  of  f is  expressed  by  A,  C and  Q . (formula 
(4.2.1).  The  thickness  of  the  frozen  £ock  mass  is  approximately  proportional 
to  (with  an  accuracy  of  within  10-15%).  Therefore  in  solid  rocks  (A^  « 

" 2.5  kca ./ (m) (hr ) (degree)  the  thicknesses  of  the  frozen  rock  mass,  other 
conditions  being  equal,  is  1.4-1. 6 times  as  great  as  in  loose  rocks  (A^,  * 

• 1.2  kca 1/ (m) (hr ) (degree ) . Hence  moist  loose  frozen  rock  masses  with  a small 
thickness  can  have  an  older  cryogenic  age  that  masses  of  solid  frozen  rocks 
with  a great  thickness  of  the  frost. 

A substantial  influence  is  exerted  on  the  formation  of  f by  the  thermo- 
physical properties,  namely  the  difference  between  A,  anfierV  . In  that  case, 
during  permafrost  an  effect  of  temperature  shift  similar  to  Ihat  during  sea- 
sonal freezing  is  noted.  The  difference  between  \c  and  A is  noted  mainly 
in  the  case  of  moist  loose  rocks. 

The  character  of  the  geological  structure  of  the  region  also  has  an  influence 
on  the  formation  of  the  thickness  of  frozen  rock  masses,  especially  when  there 
are  substantial  differences  in  the  thermal  conductivity  of  the  rocks.  When 
the  crystalline  foundation  or  dense  sedimentary  rocks  are  close  the  thickness 
of  the  frozen  rock  mass  will  always  be  greater  than  in  loose  rocks. 

/The  influence  of  subsurface  waters/ on  the  formation  of  the  thickness  of  a 
frozen  rock  mass  is  of  great  Importance,  as  in  the  process  of  perennial  freez- 
ing the  water-bearing  layers  of  rocks  become  pressurized.  In  that  case  the 
physical  properties  of  the  rocks  (water  permeability,  heat  capacity,  thermal 
conductivity,  moisture  content,  etc)  change. 
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The  development  of  frozen  rock  misses  is  completed  in  a dynamic  thermal  inter- 
action with  subsurface  waters  through  convective  heat  exchange  between  them. 

The  character  and  intensity  of  the  interaction  of  subsurface  waters  on  the 
thickness  of  the  frozen  rock  mass  is  manifested  differently  in  different  hy- 
drogeological structures,  since  the  feeding  and  discharge  conditions,  the 
regime,  dynamics,  chemism  and  temperature  of  the  subsurface  waters  are  con- 
nected with  the  latter.  A very  great  thermal  effect  of  subsurface  waters  on 
frozen  rock  masses  is  noted  during  their  direct  contact.  This  applies  espe- 
cially to  thermal  waters  concentrated  in  deep  faults  and  also  artesian  waters 
arising  from  great  depths.  Connected  with  them,  as  a rule,  is  the  formation 
of  talik  zones  or  frozen  rock  masses  of  small  thickness.  Subsurface  waters 
with  high  mineralization  and  brines  contribute  to  the  formation  of  a deeper 
zone  of  cooling  of  rock  masses  as  compared  with  sections  of  rocks  with  fresh 
subsurface  waters.  In  addition,  during  perennial  freezing  subsurface  waters 
determine  to  a considerable  degree  the  cryogenic  structure  of  the  frozen  rock 
masses  and  also  their  cryogenic  texture. 

3.  Forecasting  the  Formation  of  Cryogenic  Textures  of  Permafrozen  Rocks 

The  cryogenic  texture  characterizes  distinctive  features  of  the  distribution 
of  ice  over  the  profile  and  the  character  of  ice  inclusions  in  rock  as  a func- 
tion of  the  composition  and  distinctive  features  of  freezing,  which  is  of 
great  importance  for  the  development  of  the  process  of  thermokarst  and  settle- 
ment of  the  surface  during  thawing,  which  develop  both  under  natural  conditions 
and  especially  as  a result  of  their  violation  during  the  production  activity 
of  man. 

The  formation  of  cryogenic  textures  is  determined  mainly  by  three  factors: 

1)  lithological  facial  characteristics  of  deposits  (the  composition  and 
character  of  addition)  and  the  properties  of  rocks;  2)  their  moisture  content 
and  the  possibility  of  the  flow  of  moisture  toward  the  front  of  freezing  and 
3)  conditions  of  freezing  --  the  character  of  the  upper  boundary  conditions 
(harmonic  or  sudden  changes  of  temperature  on  the  surface)  and  the  character 
of  the  lower  boundary  conditions  (the  geothermal  gradient  and  heat  flow  from 
the  depths  of  the  earth). 

1.  Cryogenic  Textures  in  Solid  Rocks 

In  solid  rocks  the  cryogenic  textures  are  inherited.  Usually  in  that  case  the 
ice  inclusions  are  confined  to  the  fissures  (disjunctive,  plicate,  stratifica- 
tion and  weathering).  Also  noted  are  ice  inclusions  connected  with  the  fill- 
ing of  the  karst  cavities.  The  character  of  the  ice  inclusions  of  hereditary 
cryogenic  textures  in  solid  rocks  is  determined  by  the  character  of  the  fissures 
and  cavities  and  is  connected  with  general  geological  conditions,  above  all  with 
the  history  of  the  geological  development  of  the  region.  Simultaneously  with 
that  the  character  of  the  Inherited  cryogenic  textures  in  solid  rocks  is  deter- 
mined to  a considerable  degree  by  the  hydrogeological  conditions  --  the  presence 
of  fissure,  karst-fissure  and  strata  1 -karst  waters  of  water-bearing  complexes 
subjected  to  perennial  freezing.  The  latter  circumstance  determines  the  chem- 
ism of  the  ice  of  inherited  cryogenic  textures  in  solid  rocks.  During  freezing 
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of  solid  rocks,  fracturing  increases  on  account  of  additional  opening  of  exist- 
ing fissures  as  a result  of  the  freezing  of  water  and  as  a result  of  processes 
of  thermal  cracking. 

On  the  basis  of  distinctive  features  of  the  formation  of  ioe  in  solid  rocks 
the  following  types  of  ice  can  be  distinguished  (Kr ivonogova , 1975): 

1 - cement  ice,  forming  in  cracks  filled  with  water  before  the  freezing  of 

the  rock  mass  (below  the  level  of  the  ground  waters); 

2 - injection  ice  forming  in  fissures  when  water  is  introduced  into  them  under 

pressure  as  a result  of  irregular  freezing  of  fractured  flooded  strata; 

3 - infiltration  ice  forming  during  the  infiltration  into  a frozen  rock  mass  of 

waters  of  tatik  zones  or  surface  waters; 

4 - sublimation  4ce  forming  on  account  of  vapor-phase  moisture  entering  the 

fissures  and  cavities  of  the  frozen  rock  mass; 

5 - segregation  ice  forming  as  a result  of  unpressurized  migration  of  moisture 

toward  the  front  of  freezing. 

During  the  freezing  of  solid  rocks  with  the  indicated  types  of  ice,  ice-satur- 
ated sections  form  which  are  characterized  by  different  distention.  In  that 
case  the  greatest  distention  arises  during  the  formation  of  segregation  ice, 
and  the  least  during  the  formation  of  sublimation  ice. 

2.  Cryogenic  Textures  of  Loose  Deposits 

/Regularities  in  the  formation  of  cryogenic  textures  during  epigenetic  freezing 
of  rocks/.  The  cryogenic  textures  of  epigenetic  frozen  rock  masses  form  during 
either  harmonic  or  abrupt  variations  of  the  upper  boundary  conditions.  Depend- 
ent on  the  character  of  the  change  of  temperatures  on  the  surface  of  the  ground 
is  the  distribution  (thickness,  frequency  and  direction)  of  ice  schlieren  in  the 
freezing  rock. 

During  harmonic  change  of  the  upper  boundary  conditions  in  coarse  soils  (gravel- 
pebble  and  sandy  deposits),  if  they  are  water-saturated,  form  monolithic  (mass- 
ive) cryogenic  textures.  In  that  case  all  the  pores  usua 1 ly  are  f i l led  with  ice 
and  the  mineral  particles  of  the  skeleton  of  the  ground  are  not  displaced  very 
much  --  by  the  amount  of  the  volumetric  expansion  of  ice  in  comparison  with  the 
volume  of  water  during  freezing  (9%).  In  that  case  schlieren  textures  are  ab- 
sent (with  the  exception  of  injection  ice).  The  thickness  of  the  latter  and 
the  conditions  of  occurrence  are  determined  by  distinctive  features  of  the  frost 
hydrogeological  situation. 

In  finely  dispersed  rocks  the  cryogenic  textures  form  in  all  their  variety  in 
accordance  with  the  general  laws  examined  in  section  3 of  Chapter  9.  When 
the  temperature  change  on  the  surface  in  a perennial  profile  has  a harmonic 
course  and  in  the  absence  of  an  Influx  of  water  from  water-bearing  levels  the 
following  regularity  is  noted.  In  the  initial  period  of  freezing  of  moisture- 
saturated  finely  dispersed  rocks  in  the  uppermost  level  an  abundance  of  ice 
schlieren  of  small  thickness  is  noted.  This  is  connected  with  the  greater 
moisture  content  of  the  ground  at  the  front  of  freezing,  larger  temperature 
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gradients  and  high  rates  of  freezing.  Gradually  with  depth  there  is  a sub- 
stantial decrease  of  the  ice  schlieren  and  microschl ieren  and  infrequent  fine- 
schlieren  cryogenic  textures  form,  which  is  connected  with  decrease  of  the 
moisture  content  of  the  rocks  on  the  front  of  freezing.  Since  large  tempera- 
ture gradients  and  high  rates  of  freezing  are  still  preserved  in  the  layer, 
the  moisture  does  not  succeed  in  extending  to  the  front  and  making  up  for  the 
deficit  of  moisture  which  formed  on  account  of  migration  into  higher-lying 
rocks.  Under  the  icy  level  there  is  drying  of  the  rocks,  during  the  freezing 
of  which  fine  vertical  fissures  often  form,  already  filled  with  ice  after 
freez ing. 

During  further  increase  of  the  depth  of  freezing  the  temperature  gradients  and 
rates  of  freezing  diminish,  moisture  succeeds  in  extending  to  the  front  of 
freezing  in  a large  quantity  and  infrequent  horizontal  medium  and  thick  schlieren 
of  ice  start  to  form.  This  regularity  ought  to  be  intensified  with  depth,  ex- 
cept for  one  fact.  During  harmonic  oscillations  at  the  surface  the  heat  cycles 
are  damped  with  depth  in  accordance  with  a law  similar  to  geometric  progression 
(Figure  50a).  By  virtue  of  this,  in  the  lower  part  of  a permafrozen  rock  mass 
during  its  freezing  the  heat  cycles  become  so  insignificant  that  they  already 
cannot  assure  the  formation  of  thick  ice  schlieren.  Thus  according  to  the  heat 
cycles  the  maximal  thicknesses  of  the  segregation  schlieren  of  ice  are  confined 
to  the  part  of  a permafrozen  rock  mass  of  medium  depth.  Frequently,  near  the 
base  of  frozen  rock  masses  the  heat  cycles  are  sufficient  only  for  the  forma- 
tion of  a thin  concluding  lens  of  ice. 

During  repeated  freezing  and  thawing  a portion  of  permafrozen  rock  masses  can 
thaw  both  from  below  and  from  above  and  again  freeze.  In  that  case  the  newly 
formed  cryogenic  textures  will  correspond  to  the  new  freezing  conditions.  Thus, 
for  example,  during  the  partial  tnawlng  and  second  freezing  of  loose  deposits 
a profile  can  be  obtained  as  on  Figure  51,  where  the  distribution  of  cryogenic 
textures  is  shown  in  accordance  with  the  ice  content  during  primary  freezing 
--  a broken  line  for  the  upper  part,  to  the  depth  h,  and  a solid  line  to  deeper 
levels.  As  a result  of  partial  thawing  of  permafrozen  rock  masses  to  the  depth 
h and  subsequent  freezing  of  rocks,  in  that  layer  form  new  cryogenic  textures 
designated  by  a solid  line.  This  is  connected  with  the  fact  that  during  sec- 
ondary freezing,  as  a result  of  drawing  water  to  the  front  of  freezing,  there 
is  a redistribution  of  moisture  in  the  layer  h and  at  the  top  of  the  layer  form 
frequent  fine  and  medium  schlieren  cryogenic  textures,  and  in  the  middle  part 
of  the  layer  h,  infrequent  medium  and  thick  schlieren  ones.  In  that  case  a 
relative  dehydration  of  the  lower  part  of  that  layer  to  a moisture  close  to  w 
will  be  noted.  It  is  interesting  to  note  that  in  the  absence  of  waters  above 
frost  the  total  moisture  balance  of  the  lAyer  h must  be  equal  to  the  total 
moisture  content  of  the  rocks  of  that  layer,  since  the  permafrozen  rock  mass 
underlying  the  layer  h is  water -pressurized,  as  a result  of  which  the  inflow 
of  moisture  from  the  depths  is  excluded. 

Of  great  importance  in  the  formation  of  cryogenic  textures  in  a frozen  rock 
mass  are  the  conditions  of  moisture  exchange  on  its  base.  In  particular,  in 
the  presence  of  waters  under  the  frost  the  size  of  the  ice  schlieren  increases 
with  depth,  in  connection  with  which  the  total  ice  accumulation  considerably 
surpasses  the  stock  of  moisture  in  the  layer  $ by  the  start  of  freezing. 
During  the  slow  freezing  of  moisture-saturated  ¥fnely  dispersed  rocks  there 
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Figure  50.  Character  of  the  temperature  field  during  sudden 
(a)  and  harmonic  (b)  variation  of  t on  the  surface  of  the 
ground. 
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Figure  51.  Schematic  diagram  of  the  formation  of  cryogenic 
textures  in  a permafrozen  rock  mass,  the  upper  part  of  which 
to  the  depth  h has  thawed  and  refrozen. 

1 - Frequent  fine  schlieren  2 - Infrequent  medium  and  thick 
schlleren  3 - Infrequent  micro  and  fine  schlieren  4 - 
Frequent  fine  schlieren  5 - Infrequent  medium  and  thick 
schlieren  6 - Infrequent  micro  and  fine  schlieren 


occurs  the  formation  of  thick  schlieren  textures,  since  a rather  large  amount 
of  moisture  from  the  lower-lying  levels  succeeds  in  reaching  the  front  of 
freezing.  This  leads  to  dehydration  of  those  levels,  as  a result  of  which, 
as  a rule,  the  grounds  of  mineral  layers  acquire  a moisture  content  close  to 
the  maximal  molecular.  In  that  case  the  ground  shrinks  and  small  vertical 
cracks  form  in  it.  In  the  process  of  freezing  of  those  mineral  layers,  along 
the  vertical  cracks  formed  moisture  is  drawn  to  the  front  of  freezing  and  thin 
vertical  ice  schlieren  form.  As  a result,  dur  Ing  relat  ivaly  s low  epigenetic 
freezing  form  thick  schlieren  cryogenic  textures  with  thin  vertical  veins. 
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The  possibility  of  forming  in  finely  dispersed  rocks  a given  type  of  cryogenic 
textures  can  be  predicted  with  the  method  described  in  section  3 of  Chapter  9. 

In  particular,  it  is  pointed  out  there  that  the  application  of  oscillations  of 
different  periods  substantially  affects  the  formation  of  cryogenic  textures  even 
during  single  freezing.  Thus,  for  example,  in  the  process  of  long-period  freez- 
ing and  the  formation  of  a permafrozen  rock  mass,  medium-  and  short-period  warm- 
ings can  be  superposed,  which  lead  to  deceleration  of  the  rates  of  freezing  and 
the  formation  of  th ick-sch 1 ieren  cryogenic  textures.  On  the  contrary,  the  appli- 
cation of  medium-  and  short-period  coolings  on  long-period  ones  leads  to  accel- 
eration of  the  rates  of  freezing,  halting  of  the  formation  of  th  ick-schl  ieren 
cryogenic  textures  and  their  transition  into  thin-  and  micro-sch 1 ieren  and  even 
monoliths. 

A similar  situation  is  also  noted  in  the  seasonal  freezing  of  rocks.  In  that 
case  the  short-period  thaws  in  the  course  of  the  winter  also  lead  to  the  for- 
mation of  thick-schl ieren  textures  in  the  layer  of  seasonal  freezing  and  by  the 
same  token  to  increase  of  the  rock  heaving.  Explained  by  the  same  considerations 
is  the  difference  in  the  process  of  heaving  in  regions  with  sharply  continental 
and  maritime  climates.  Under  the  conditions  of  a sharply  continental  climate 
the  freezing  rate  is  high  enough,  in  connection  with  which  in  the  upper  level 
of  seasonal  freezing  form  monolithic  and  micro-  and  thick-schl ieren  cryogenic 
textures.  In  the  central  part  of  the  freezing  layer  form  thin-schl ieren  cryo- 
genic textures,  through  which  heaving  of  the  ground  mainly  proceeds.  During 
freezing  of  the  lower  part  of  the  layer  where  the  thermal  cycles  are  sharply 
reduced,  form  their  schlieren  and  monolithic  cryogenic  textures. 

Under  the  conditions  of  a maritime  climate  the  freezing  rates  are  very  low  even 
in  the  uppermost  part  of  the  layer  f and  therefore  the  formation  of  th ick-schl ieren 
textures,  even  when  there  is  an  adequate  inflow  of  moisture  from  below  toward  the 
front  of  f reez ing , can  be  noted  within  the  limits  of  the  entire  freezing  layer. 

Near  the  southern  boundary  of  the  region  of  permafrozen  rocks,  where  tj  is  close 
to  zero,  the  annual  thermal  cycles  are  damped  within  the  layer  of  seasonal  freez- 
ing. By  virtue  of  that  the  lower  level  of  the  layer  | , as  a rule,  is  charac- 
terized by  a monolithic  and  thin-schl ieren  cryogenic  texture. 

During  a sudden  change  of  temperatures  on  the  surface  of  the  ground  the  change 
of  the  temperature  field  proceeds  in  accordance  with  the  schematic  diagram  on 
Figure  50.  For  case  "b"  the  thermal  cycles  remain  constant  in  depth,  since  at 
any  depth  the  temperature  must  change  at  most  by  the  value  (t^  - t^).  Therefore 
the  thermal  cycles  have  no  influence  on  the  formation  of  cryogenic  textures,  as 
they  are  constant.  By  virtue  of  that  the  regularities  in  the  formation  of  cryo- 
genic textures  for  case  "b"  are  determined  only  by  the  rate  of  freezing  in  ac- 
cordance with  the  temperature  gradient  and  hydrogeological  conditions  (moisture 
content  of  the  ground  and  the  possibility  of  moisture  flow  toward  the  front  of 
freezing  from  lower-lying  levels).  The  temperature  gradient  and  rate  of  freez- 
ing in  case  "b"  decrease  with  depth  and,  consequently,  the  probability  of  the 
formation  of  ice  schlieren  increases  with  depth.  As  a result  of  that  the  ice 
content  in  permafrozen  rocks  which  froze  during  a sudden  change  of  temperature 
on  the  surface  of  the  ground  Increases  with  depth. 
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During  the  partial  thawing  of  such  permafrozen  rock  masses  and  their  subsequent 
freezing,  already  as  a result  of  harmonic  temperature  oscillations  on  the  sur- 
face complex  superposed  cryogenic  textures  can  form,  with  a regular  distribution 
of  them  by  depth  characteristic  of  both  harmonic  and  sudden  changes  of  the 
upper  boundary  conditions.  The  concrete  conditions  of  the  formation  of  cryo- 
genic textures  can  be  calculated  with  the  method  presented  in  Chapter  9. 

/Regularities  of  the  formation  of  cryogenic  textures  during  syngenetic  freezing 
of  deposits/.  The  main  regularities  and  character  of  formation  of  cryogenic 
textures  of  syngenet ica 1 ly  freezing  deposits  are  connected  with  the  freezing 
from  below  of  the  layer  of  summer  thawing  and  with  regularities  of  the  process 
of  frost  cleavage.  Under  the  conditions  of  sedimentation  of  flood-plain,  coastal- 
maritime  and  slope  facies  in  a region  of  permafrost,  frost  cleavage  is  accompan- 
ied by  the  formation  of  reopened-vein  (wedge-vein)  ices  or  primordially  ground 
veins,  depending  on  the  correlations  of  the  minimal  and  average  annual  tempera- 
tures of  rocks  on  the  surface,  their  amplitude,  the  layer  thickness  £ and  the 
depth  of  cracking.  As  a result  of  that  form  cryogenic  textures  of  syngenetic 
rock  masses  with  a polygonal  lattice  of  reopened-vein  ices,  ground  or  mixed  ice- 
ground  veins  separated  by  masses  of  mineral  ground.  The  dimensions  and  conditions 
of  occurrence  of  the  reopened-vein  ices  and  ground  seams  and  the  dimensions  of 
the  polygons  are  determined  by  the  composition  of  the  ground  and  its  properties, 
the  temperature  regime  of  the  grounds  at  the  moment  of  total  freezing  of  the 
layer  of  summer  thawing,  and  also  the  conditions  of  sedimentation.  The  lattice 
size  of  the  reopened-vein  ices  can  be  determined  with  the  formula  of  B.  N. 
Dostovalov  (1952).  The  probability  of  formation  of  icy,  ground  or  mixed  veins 
can  be  determined  with  the  method  of  N.  N.  Romanovskiy  (1971,  1972).  He  also 
established  the  signs  of  different  types  of  vein  formations  (Figure  52)  and 
their  connection  with  the  temperature  zonation  (see  Figure  119  in  section  3, 
Chapter  8). 

The  cryogenic  textures  of  the  mineral  masses  of  ground  between  ice  veins  are 
determined  by  the  following  conditions.  In  the  process  of  sedimentation,  dur- 
ing silt  deposition  in  the  period  of  high  water,  the  surface  marker  is  elevated 
by  a certain  amount.  As  a result  of  that  the  marker  of  the  upper  boundary  of 
the  permafrozen  rocks  must  simultaneously  rise.  This  occurs  because  the  depth 
of  the  seasonal  thawing  of  the  following  year  does  not  reach  the  depth  of  thaw- 
ing of  the  previous  year.  As  a result  a permafrozen  rock  mass  forms  which  re- 
presents the  sum  of  elementary  layers  which  are  residual  levels  of  the  freezing 
layer  of  seasonal  thawing.  It  is  obvious  that  in  that  case  the  cryogenic  tex- 
tures of  syngenet ica 1 ly  freezing  permafrozen  rocks  can  be  only  either  thin- 
schlieren  or  monolithic.  The  latter  is  determined  by  the  conditions  of  freezing 
of  the  layer  of  summer  thawing.  In  that  case,  when  the  layer  of  summer  thawing 
freezes  only  from  above,  all  the  moisture  is  drawn  tovsrd  the  front  of  freezing 
into  the  upper  levels,  the  lower  are  dehydrated  and  only  a massive  texture  forms. 
This  occurs  near  the  southern  boundary  of  the  permafrozen  rock  masses,  where  all 
the  annual  thermal  cycles  are  extinguished  in  a layer  of  seasonal  thawing.  In 
more  northern  regions  of  the  permafrost  region,  especially  in  zones  IV  and  V 
(according  to  V.  A.  Kudryavtsev,  1954)  the  thermal  cycles  on  the  base  of  the 
layer  of  seasonal  thawing  reach  large  values.  As  a result  of  that  the  freezing 
of  the  layer  of  summer  thawing  proceeds  not  only  from  above  but  also  from  below. 

In  that  case  the  moisture  in  the  layer  of  summer  theving  is  drawn  toward  both 
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Figure  52.  Types  of  polygonal -vein  formations  and  cryogenic 
textures  of  enclosing  deposits  (schema ticized  according  to 
N.  N.  Romanovskiy,  1972).  a - primordiaily  ground  veins 
forming  in  seasonally  thawed  and  seasonally  frozen  layers; 
b - ice  veins  in  a frozen  rock  mass;  c - pseudomorphoses  on 
ice  veins;  1 - loams;  2 - sandy  loams;  3 - loesses;  4 - loess- 
ial  rocks  and  aleurites;  5 - peat;  6 - sand  and  gravel;  7 - 
layer  of  soil  and  vegetation  and  humified  rocks;  8 - ice 
schlieren  and  "bands”  in  syngenetica 1 ly  freezing  deposits; 

9 - lamination  of  rocks  and  minor  faults;  10  - re-opened  vein 
ices;  11  - ground  veins;  12  - tests  of  freshwater  mollusks; 

13  - allochthonic  plant  residues;  14  - upper  surface  of  perma- 
frozen  rocks  (STS  boundary). 

the  upper  and  lower  fronts  of  freezing,  as  a result  of  which  ice  schlieren 
form  both  in  the  upper  part  and  in  the  base  of  the  layer  of  seasonal  thawing. 
In  that  case,  in  the  process  of  sedimentation,  form  residuary  layers  of  fcbb 
freezing  layer  of  summer  thawing,  infrequently  represented  by  ice  with  a small 
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admixture  of  mineral  particles.  In  a perennial  profile,  thinly  layered  cryo- 
genic textures  of  frozen  rock  masses  form  in  that  manner.  During  multiple 
freezing  of  such  ice  schlieren  on  one  another  is  accordance  with  the  short- 
period  oscillations  of  temperature  banded  cryogenic  textures  form  (Maksimova, 
1972). 

A characteristic  feature  of  those  deposits  is  the  fact  that  the  summary  ice 
content  often  exceeds  the  total  moisture  capacity.  The  probability  of  forma- 
tion of  permafrozen  rock  masses  with  a layered  cryogenic  texture  can  be  cal- 
culated with  the  method  presented  in  section  12  of  Chapter  3 and  section  3 of 
Chapter  9.  Thus  the  general  appearance  of  syngenetic  frozen  rock  masses  in 
the  presence  of  reopened  vein  ice  is  characterized  by  a polygonal  lattice  of 
vein  ices  with  masses  of  mineral  ground  between  them  with  a thinly  layered 
cryogenic  texture  (Figure  53). 


Figure  53.  Schematic  cross-section 
of  a permafrozen  rock  mass  with 
reopened  vein  ice  during  syngenetic 
freezing,  a - ice  b - Block  dia- 
gram. 


Knowledge  of  the  regularities  in  the  formation  of  cryogenic  textures  and  the 
character  of  their  distribution,  and  also  of  the  conditions  of  occurrence  of 
underground  ices  during  epigenetic  as  well  as  during  syngenetic  freezing  of 
rocks  is  the  basis  for  compiling  a forecast  of  the  change  of  frost  conditions. 
Calculation  of  the  possible  amount  of  heaving  in  connection  with  the  formation 
of  cryogenic  textures  or  layers  as  a result  of  thermokarst  processes  determine 
the  geological  engineering  evaluation  of  territory,  the  conditions  and  prin- 
ciples of  construction  and  the  character  of  the  measures  necessary  for  the 
creation  of  optimal  working  conditions  of  a structure  (see  section  3 of  Chap- 
ter 9). 

4.  Determination  of  the  Minimal  Cryogenic  Age  of  Frozen  Rock  Masses 

The  question  of  determination  of  the  length  of  existence  of  rocks  in  the  frozen 
state  is  of  great  importance  in  determining  the  genesis  of  frozen  rock  masses 
and  their  dynamics  in  Quaternary  time.  For  syngenetic  permafrozen  rock  masses 
the  question  of  determination  of  the  age  of  the  frost  is  Solved  unequivocally 
with  determination  of  the  geological  age  of  the  frozen  deposits.  During  epi- 
genetic freezing  of  rocks  the  cryogenic  age  of  the  frozen  rock  masses  can  be 
determined  with  formula  (4.2.1),  by  means  of  which  one  can  take  into  consid- 
eration the  different  conditions  of  freezing  of  the  upper  layers  of  the  litho- 
sphere and  their  composition.  In  that  case  one  bears  in  mind  that,  other 
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conditions  being  equal,  greater  thicknesses  of  frozen  rock  masses  are  always 
connected  with  larger  periods  of  perennial  oscillations  of  temperature  on  the 
surface  of  the  ground.  Therefore  for  each  given  thickness  of  the  frozen  rock 
mass  (according  to  formula  4.2.1)  the  smallest  possible  period  of  temperature 
oscillations  and  the  cryogenic  age  of  that  rock  mass  corresponding  to  it  can 
be  determined.  The  data  necesary  for  that,  the  thickness  of  the  frozen 

rock  mass  (/  ),  the  thermophysical  properties  of  the  rocks  (A,  C and  Aw)  and 

also  the  ^geothermal  gradient  (g)  in  thawed  rocks  (below  the  base  of  the 
frozen  rock  mass)  are  determined  as  a result  of  field  investigations.  The  un- 
known size  of  the  period  of  oscillation  T is  selected  so  that  the  minimal 
value  of  the  period  corresponds  to  the  maximal  thicknesses  of  the  frozen  rock 
mass.  This  condition  is  valid  when  the  average  temperature  of  the  rocks  (t 
during  the  period  T on  the  surface  of  the  frozen  rock  mass  will  be  equal°”^er 

to  the  amplitude  of^erthe  temperature  oscillations  A 

r r o-per 


) 


The  lower  boundary  conditions  are  determined  in  the  following  manner  (Kudryav- 
tsev, 1968).  At  large  periods  and  small  amplitudes  of  temperatures  on  the 
lower  surface  of  the  frozen  rock  masses,  and  also  in  the  presence  of  phase 
transitions  of  water  accompanying  the  freezing  and  thawing  of  rocks,  the  mini- 
mal and  maximal  values  of  g can  be  taken  as  the  envelopes  of  temperature  char- 
acteristic of  harmonic  long-period  oscillations. 


Figure  54.  For  determination  of 
the  minimal  cryogenic  age  of  perma- 
frozen  rock  masses. 


In  accordance  with  that  one  can  readily  obtain  tj  during  the  period  T 

on  the  lower  surface  of  the  frozen  rock  mass  and  t , on  its  upper^  er 

o-min  rr 

surface.  The  two  values  are  obtained  graphically  by  the  construction  of 
straight  lines  drawn  from  the  point  0 on  the  upper  surface  of  the  frozen  rock 
mass  with  the  angle  of  inclination  g^  and  from  the  point  0 on  the  lower 
boundary  of  the  frost  with  the  angle  of  inclination  t (Figure  54).  It 
follows  from  formula  (4.2.1)  that  with  increase  of  the  thickness  of  the 
frozen  rock  masses  the  minimal  cryogenic  age  increases  in  a quadratic  depen- 
dence. The  change  of  the  minimal  age  of  frozen  rock  masses  depends  substan- 
tially on  their  composition  and  moisture  content,  that  is,  to  freeze  loose 
deposits  to  a definite  depth  twice  as  much  time  is  required  as  for  solid  rocks. 
If  a ratio  of  the  coefficients  of  thermal  conductivity  of  1:2  is  taken  for 
loose  Quaternary  deposits  and  solid  pre-Quaternary  rocks,  then  200-meter  frozen 
loose  rock  masses  will  have  a minimal  cryogenic  age  similar  to  frozen  rock 
masses  with  a thickness  of  400  m in  solid  rocks.  The  moisture  content  of  the 
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deposits  also  has  a substantial  influence:  when  the  heat  expended  on  phase 

transitions  of  water  is  doubled  the  minimal  cryogenic  age  of  the  frozen  rock 

mass  increases  by  about  1.4-1. 5 times  while  their  thickness  remains  unchanged. 

The  dependence  of  the  thickness  of  the  frozen  rock  masses  and  their  minimal 

cryogenic  age  on  g is  complex.  However,  it  can  be  assumed  that  the  minimal 

cryogenic  age  of  the  frozen  rock  mass  will  vary  in  proportion  to  g".  It  also 

can  be  noted  that  with  increase  of  A and  reduction  of  t,  the  thick- 

o-per  i -per 

nesses  of  the  frozen  rock  masses  will  increase  and  the  minimal  cryogenic  age 
will  decrease. 

Calculation  of  the  Minimal  Cryogenic  Age  of  Permafrozen  Rock  Masses  (Example  23) 

Determine  the  minimal  cryogenic  age  of  permafrozen  alluvial  deposits  if  in  the 

process  of  a frost  survey  the  following  data  were  obtained:  the  thickness  of 

the  frozen  rock  mass  is  100  m,  composed  of  interlayered  silty  sandy  loams  and 

loams.  The  properties  of  the  deposits  are  characterized  by:  \ = 1.5,  A 

“ 1.0  kcal/ (m) (degree) (hr);  C ■ 500  kcal/(m  )(degree);  Q.  = 20,o6o 

^ o l “ l ™ 6 r 

kcal/(m  ) (Q,  is  the  heat  of  phase  transitions  during  the  perennial  freez- 

p-per 

ing  of  rocks).  In  the  underlying  thawed  deposits  (loams  glrnQjj)  ^ = 1.25 

kcal/(m)(degree)(hr)  and  g = 0.03  degree/ra. 

Solution.  It  is  necessary  first  to  determine  the  conditions  under  which  the 
maximal  thicknesses  of  permafrozen  rock  masses  form  at  a minimal  value  of  the 
period  of  oscillation  T ^ . It  is  obvious  that  they  will  be  conditions 

in  which  the  average  temper§^ure  of  the  rocks  t on  the  surface  of  the 

permafrozen  rock  mass  during  the  period  T . ° ^wYll  be  equal  to  the  ampli- 

tude of  oscillations  of  temperatures  on  tRens8rFace . 

In  determining  the  lower  boundary  conditions  one  should  start  from  the  fact 
that  the  long-period  oscillations  of  heat  exchange  on  the  surface  of  the  ground, 
which  determine  the  formation  of  permafrozen  rock  masses,  as  a rule  propagate 
not  only  in  the  frozen  rock  mass  but  also  in  the  underlying  thawed  rocks.  There- 
fore the  geothermal  gradient  in  the  underlying  thawed  rocks  varies  in  a certain 
range  from  the  maximal  to  the  minimal  values. 


In  accordance  with  that  the  maximal  temperature  during  the  period  of  fluctu- 
ations (2ti  ) can  be  obtained  on  the  lower  boundary  of  the  permafrozen  rock 
mass  and  tne^  minimal  (2t  ) on  its  surface.  The  former  is  obtained  by 

constructing  a straight  1 ine"^Cwhich  starts  from  t - 0°  on  the  surface  of  the 
permafrozen  rock  mass  and  has  an  angle  of  inclination  corresponding  to  the 
minimal  value  of  the  geothermal  gradient.  The  latter  (2t  ) is  also  obtained 

by  constructing  a straight  line,  but  one  passing  through  f?he  point  t - 0°  on 
the  base  of  the  frozen  rock  mass  and  having  an  angle  of  inclination  correspond- 
ing to  the  maximal  value  of  the  geothermal  gradient.  If  we  connect  the  middle 
of  the  obtained  segments  on  the  lower  and  upper  surfaces  of  the  permafrozen 
rock  mass  (points  corresponding  to  tQ  ^ er  and  t^  per.)  we  obtain  the  axis  of 

long-wave  oscillations,  the  angle  of  inclination  of  which  corresponds  to  the 
average  value  of  the  geothermal  gradient. 


237 


In  accordance  with  the  indicated  construction  a calculation  also  is  made  of 
the  minimal  cryogenic  age  of  a permafrozen  rock  mass.  In  that  case  the  com- 
plete length  of  the  period  (T  ) is  determined  at  which  the  uppermost  levels 
of  the  frozen  rock  mass  are  iRea  constantly  frozen  state.  The  equation  for 
permafrost  (4.2.1),  which  is  solved  for  T,  is  used  in  the  calculation. 

In  accordance  with  what  has  been  said,  the  procedure  in  solving  the  problem 
must  be  the  following: 

1.  We  find  the  values  of  the  maximal  and  minimal  gradients  in  a 100-meter 
rock  mass.  It  is  obvious  that  the  maximal  gradient  will  be  observed  at  A 
and  the  minimal  at  A since  > Af . It  is  known  that  the  gradient  inc 

underlying  thawed  rocks  is  0.003  degree/meter  when  their  thermal  conductivity 
is  1.25  kcal/ (m)  (degree)  (hr ).  Provided  that  the  heat  flux  passing  through 
the  lower  boundary  of  the  frozen  rock  mass  is  equal  to  the  flow  through  the 
surface  of  the  soil,  the  gradient  in  the  upper  100-meter  rock  mass  will  vary 
from  0.038  at  A = 1.0  to  0.025  degree/meter  at  A * 1.5  kca 1/ (m) (degree ) (hr ) . 

2.  We  make  the  necessary  construction  to  find  t and  t,  as  indicated 

above.  It  is  evident  from  Figure  55  that  t = -1.9'  and^  ert  = 1.25°. 

° o 1-per 

3.  From  equation  (4.2,1)  we  find  T when  the  following  initial  data  are  sub- 
stituted: A = t = 1.9  ; (t  - g £ ) “ tf  = 1.25°;  £ “ 100  m;  « 

2 o ’ ° per  ] -per  ’ » per 

= 20  kcal/(m  ) (hr ) (degree) ; 

--Icp  -y(l'o!  ' ~ 1.6°. 

We  substitute  all  the  data  in  formula  (4.2.1) 
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When  we  solve  the  equation  for  T we  find  that  T~  67,250  years. 

5.  Influence  of  the  Productive  Activity  of  Man  on  Change  of  the  Temperature 
Regime  and  Thickness  of  Permafrozen  Rock  Masses 

The  economic  opening  up  of  territory  leads  to  a sharp  change  in  the  natural 
situation,  and  consequently  also  of  the  frost  conditions.  On  sections  of 
structures  those  changes  are  so  considerable  that  the  frost  conditions  dif- 
fer substantially  from  those  noted  before  construction  in  the  course  of  a 
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frost  survey.  As  a rula,  at  construction  sites  the  plant  cover  is  removed 
and  a leveling  of  the  terrain  is  made  which  changes  the  steepness  of  the  slope 
and  sometimes  the  exposure  (by  cutting  away  and  filling  in),  and  the  compo- 
sition and  moisture  content  of  the  soils  are  changed.  As  a result  of  the  un- 
covering of  basins,  soils  are  drained  or  flooded.  The  construction  of  drain- 
age structures  and  sewer  systeme,  bodies  of  water  and  reservoirs  also  leads  to 
change  of  the  moisture  regime  of  the  soils.  Various  artificial  coverings  (as- 
phalt, concrete,  etc)  and  the  arrangement  of  lawns  and  tree  plantings  lead  to 
a sharp  reduction  of  the  surface  of  the  ground  and  change  of  the  temperature 
regime  of  the  soils.  Directly  under  industrial  and  public  structures,  depend- 
ing on  their  thermal  regime,  one  can  note  either  a lowering  of  the  average 
annual  temperatures  and  preservation  of  the  frozen  state  of  the  soils  (under 
cold  structures)  or  thawing  of  frozen  rocks  with  the  formation  of  a thawing 
basin  (under  structures  with  great  heat  release  into  the  ground). 

Construction  on  large  areas  (settlements  of  a city  type  and  cities)  in  a perma- 
frost region  causes  important  changes  of  front  conditions  on  the  entire  terri- 
tory of  the  settlement  or  city.  Including  even  the  sections  where  the  natural 
conditions  remain  undisturbed,  if  their  area  is  small  enough  in  comparison 
with  the  neighboring  sections  of  the  construction  site.  In  that  case  the 
change  of  frost  conditions  is  connected  not  only  with  change  of  the  natural 
conditions  on  the  area  of  the  construct  ion  site  but  also  with  change  of  the 
microclimatic  conditions  on  adjacent  sections.  In  the  case  of  linear  struc- 
tures (railroad  lines,  highways,  gas  and  oil  pipelines,  electric  power  trans- 
mission lines,  underground  communications,  etc)  very  important  changes  of  the 
natural  conditions,  including  the  frost  conditions,  are  noted  within  the  limits 
of  the  lines  and  rights  of  way.  For  airport  construction  those  changes  extend 
to  a far  larger  territory,  including  air  strips  and  the  airport  facilities. 

In  the  case  of  hydraulic  engineering  construction  the  change  of  natural  con- 
ditions, and  especially  of  frost  conditions.  Includes  enormous  territories  of 
artificial  reservoirs  and  adjacent  regions.  The  same  changes  are  observed  in 
the  regions  of  the  opening  up  and  working  of  minerals  and  in  regions  of  the 
development  of  agriculture  in  a region  of  permafrozen  rocks. 

It  is  obvious  that  all  changes  of  frost  conditions  can  be  studied  only  on 
the  basis  of  knowledge  of  regularities  in  the  formation  of  permafrozen  rock 
masses  in  connection  with  the  character  of  the  natural  situation  and  its 
changes  during  construction.  Forecasting  the  change  of  frost  conditions  during 
different  kinds  of  economic  assimilation,  having  a single  common  basis  --  regu- 
larities in  the  formation  of  permafrozen  rock  masses,  is  characterized  by  spe- 
cifics connected  both  with  distinctive  features  of  change  of  the  natural  en- 
vironment during  construction  and  with  the  character  of  the  interaction  of 
structures  with  frozen  ground  dviring  operations. 

We  will  examine  the  formulation  of  some  problems  in  forecasting  change  of 
frost  conditions,  for  example,  during  the  construction  of  housing  settlements 
or  cities.  As  has  already  been  pointed  out,  in  some  cases  a need  arises  for 
construction  while  preserving  the  frost  conditions  of  the  ground  at  the  base 
of  the  structures.  Then,  obviously,  in  the  compilation  of  the  forecast  prob- 
lems must  be  solved  In  the  determination  of  the  dynamics  of  the  temperature 
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regime  of  permafrozen  rocks  and  its  influence  on  the  properties  and  thick- 
ness of  the  frozen  rock  mass.  The  temperature  regime  of  the  ground  under 
buildings  in  that  case  must  be  in  a small  definite  range  of  negative  tempera- 
tures, and  this  is  achieved  by  various  measures  provided  for  in  the  construc- 
tion of  the  foundations  of  definite  structures.  On  adjacent  sections  the  tem- 
perature regime  of  the  rocks  and  the  depth  of  the  seasonal  thawing  must  be 
calculated  with  consideration  of  concrete  changes  on  the  surface  of  the  soil, 
as  was  shown  in  Chapter  4 (examples  1 and  3).  In  other  cases,  in  forecasting 
change  of  front  conditions  it  can  be  a matter  not  only  of  change  of  the  tem- 
peratures of  rocks  within  the  range  of  negative  values  but  also  of  the  thawing 
of  permafrozen  rock  masses  and  the  thermal  precipitations  arising  in  that  case 
or  of  new  formation  of  frozen  rock  masses  and  the  formation  of  their  cryogenic 
textures.  The  formulation  of  the  problems  in  the  compilation  of  a forecast 
is  determined  in  all  cases  by  the  complexity  of  the  interaction  of  the  struc- 
ture and  environment  or  complex  of  different  structures  and  the  environment. 

In  the  case  where  a forecast  is  compiled  for  small  areas  or  separate  struc- 
tures in  uniform  widespread  conditions,  the  problem  is  assumed  to  be  unidimen- 
sional. It  is  reduced  mainly  to  forecasting  the  change  of  the  radiation  ther- 
mal balance  of  the  surface  of  the  soil  and  its  temperature  regime  (section  1, 
Chapter  2 and  example  14,  Chapter  5),  determination  of  the  thawing  rates  of 
permafrozen  rocks  under  a structure,  determination  of  the  contours  of  Che 
thawing  basin  (according  to  D.  B.  Redozubov,  section  4,  Chapter  3 and  examples 
38  and  39,  Chapter  8)  and  determination  of  the  thermal  precipitation  of  the 
soils  (section  9,  Chapter  6). 

In  compiling  a forecast  of  the  change  of  frost  conditions  for  large  territor- 
ies with  a different  development  the  matter  is  much  more  complex.  In  that 
case  it  is  necessary  to  take  into  account  the  complex  thermal  interaction  of 
buildings  of  different  size  with  heat  release  and  cold,  the  walks  separating 
them,  lawns,  etc.  In  that  case  the  temperature  field  at  the  points  of  obser- 
vation is  often  determined  by  two-  and  even  three-d imens ionA 1 problems.  And 
in  spite  of  the  fact  that  the  composition  of  a forecast  will  be  presented  with 
the  same  listing  as  for  separate  buildings,  the  solution  of  the  problems  is 
extremely  complex.  What  has  been  said  can  be  illustrated  by  the  following 
scheme.  Presented  on  Figure  56  is  a cross-section  of  the  area  of  a develop- 
ment within  which  are  buildings  with  heat  release.  Under  them  the  thawing 
basins  are  shown.  On  the  remainder  of  the  area  the  conditions  are  favorable 
for  the  existence  of  permafrozen  rock  masses.  On  the  schematic  diagram  it 
is  shown  that  the  thickness  of  the  frozen  rock  mass  considerably  exceeds  the 
depth  of  the  thawing  basins.  In  that  case,  development  of  the  area  leads  only 
to  thawing  of  the  frozen  rock  masses  under  the  structures  and  does  not  change 
the  general  picture  of  the  bedding  of  permafrozen  rock  masses  over  the  area, 
but  changes  its  thickness  on  separate  sections.  However,  on  the  whole,  de- 
velopment on  a large  area  can  lead  to  reduction  of  the  thickness  of  the  frozen 
rock  mass  in  comparison  with  natural  conditions  in  accordance  with  the  in- 
tegral temperature  for  the  territory  of  the  development  corresponding  to  the 
new  surface  conditions.  A solution  of  such  a problem  can  be  obtained  by 
simulating  the  problem  on  an  electric  integrator.  A schematic  diagram  of  the 
solution  follows  (Figure  57). 
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Figure  56.  Formation  of  thawing  basins  under  buildings  when 
the  frozen  rock  mass  is  very  thick:  1 - sections  with  natural 
conditions;  2 - traveled  parts  of  paths;  3 - buildings;  4 - 
lawns;  5 - boundary  of  thawing  basin  under  building;  6 - lower 
boundary  of  permafmeen  rock  mass  after  development  of  area. 


Figure  57.  Formation  of  taliks  (tabetisols)  on  a developed 
section  when  the  frost  is  not  thick:  1 to  4 - the  same  as 
on  Figure  56;  5 - boundary  of  islands  of  permafrozen  rocks 
on  the  area  of  the  development;  6 - boundary  of  permafrozen 
rock  mass  after  development  of  the  area. 

For  example,  a section  characterized  by  a continuous  expanse  of  permafrozen 
rock  uss  consisting  of  alluvial-lake  sandy  loam  and  loam  deposits,  the  aver- 
age annual  temperature  on  the  surface  of  which  is  -3  , is  developed  with  pub^ 
lie  buildings.  The  thickness  of  the  frozen  rock  mass  is  130  meters  and  in  the 
underlying  thawed  rocks  g ” 0.03  degree/m^  After  development  of  the  section, 
under  the  thawing  buildings  t rose  to  +2  . On  the  lawns  adjacent  to  the 
buildings  the  temperature  of  the  surface  of  the  ground  also  Increases  and 
depends  on  the  exposure  of  the  walls:  on  the  southern  side  of  the  building 
it  is  -0.5  and  on  the  north,  -1.2°.  On  the  traveled  part  of  the  paths 
t decreases  to  -5.5  . It  must  be  determined  how  the  thickness  of  the  frozen 
rock  mass  varies  on  the  area  of  the  development. 
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The  problem  is  solved  with  an  electrical  integrator  by  simulating  a steady 
temperature  field  in  soils  which  corresponds  to  the  new  conditions  on  devel- 
oped territory.  The  width  of  buildings  is  assumed  to  be  20  meters,  that  of 
the  lawns  to  be  5 meters,  and  that  of  the  travelling  part  of  the  paths  to  be 
10  meters.  The  obtained  results  of  the  solution  testify  that  the  thickness 
of  the  frozen  rock  mass  on  the  whole  varies  little.  This  is  evident  from  the 
the  fact  that  under  the  influence  of  elevation  of  the  temperature  of  the  sur- 
face of  the  soil  (its  mean- integra 1 value)  under  the  buildings  form  thawing 
basins  with  a thickness  of  about  13  meters,  and  on  the  entire  area  of  the  de- 
velopment the  lower  boundary  of  the  permafrozen  rocks  rises  a total  of  more 
than  10  meters. 


Presented  on  Figure  57  is  the  same  case  of  economic  opening  up  of  territory 
but  at  a small  thickness  of  the  frozen  rock  masses,  when  the  thawing  basins 
under  heat-releasing  buildings  form  penetrating  taliks.  Under  those  condi- 
tions the  continuous  extent  of  permafrozen  rock  masses  is  destroyed.  Depend- 
ing on  the  correlation  of  areas  with  surface  conditions  favorable  and  unfavor- 
able for  the  preservation  of  the  frozen  state  of  rocks,  a talik  can  form  on 
a large  area  of  the  territory  of  a development  and  frozen  rocks  will  be  pre- 
served only  in  the  form  of  separate  small  islands.  Thus,  for  example,  in  the 
case  of  an  urban  development  in  the  form  of  parallel  streets  with  an  arrange- 
ment of  boulevards  on  the  territory  of  a city  the  following  picture  can  occur. 
Under  buildings,  as  a result  of  much  release  of  heat,  a talik  forms.  On  lawns 
planted  with  shrubs  accumulates  a large  amount  of  loose  snow,  the  height  of 
which  increases  because  snow  from  the  roads  is  partially  piled  on  the  lawns. 

All  this  leads  to  the  thawing  of  permafrozen  rocks  also  under  the  lawns  (see 
Figure  57).  In  a mass  of  thawed  soils  a belt  of  frozen  rocks  can  be  preserved 
under  a road.  An  approximate  scheme  for  calculation  of  a forecast  in  such 
cases  is  made  in  the  following  manner.  For  example,  used  under  the  develop- 
ment is  a section  of  continuous  extent  of  permafrozen  rocks  with  a thickness 
of  43-45  meters,  the  t of  which  is  -1.0  . Deposits  consists  of  alluvial 
sands  and  sandy  loams  with  pebbles  and  gravel  and  layers  of  sandy  loam.  The 
geothermal  gradient  in  the  underlying  thawed  rocks  is  0.03  degree/meter.  As 
a result  of  the  development  the  temperature  regime  of  the  soils  also  varies  and 
under  the  heated  buildings  t “ 5.0  is  established.  Under  the  lawns  on  the 
southern  side  of  the  buildings  t rises  to  1.0  , and  on  the  northern  to  0.5°, 
while  on  the  travelled  part  of  tfie  roads  it  decreases  to  -4.5°.  The  width 
of  the  buildings  is  20  meters,  of  the  lawns  5 meters,  and  of  the  travelled 
part  of  the  roads  10  meters.  It  must  be  determined  how  the  thickness  of  the 
permafrozen  rock  mass  varies  on  the  area  of  the  development. 


The  problem  was  solved  on  an  electrical  integrator  by  simulating  the  steady 
temperature  regime  of  the  soils  corresponding  to  the  new  conditions.  The 
results  of  the  solution  are  shown  on  Figure  57  and  testify  that  under  the 
indicated  conditions  on  the  territory  of  the  development  the  entire  mass  of 
frozen  soils  thaws.  Permafrozen  rocks  are  preserved  only  under  the  travelled 
part  of  the  road,  but  their  thickness  is  reduced  to  20  meters. 

In  compiling  a forecast  of  the  change  of  frost  conditions  it  is  necessary  to 
turn  attention  to  the  following.  If  the  construction  is  done  on  sections 
which  have  permafrozen  rock  masses  of  great  thickness,  the  thawing  basins  under 
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Figure  58.  Change  of  the  contour  of 
the  thawing  basin  during  change  of 
conditions  on  the  surface:  1 - original 
boundary  of  thawing  basin;  2 - boundary 
of  thawing  basin  after  widening  of  road 
at  the  expense  of  part  of  the  lawn;  3 - 
plot  formed  on  account  of  freezing  of 
part  of  the  original  thawing  basin. 

the  area  of  the  development  does  not  emerge  beyond  the  limits  of  the  frozen 
rock  mass.  In  that  case  the  following  can  occur.  For  example,  when  the  road 
is  widened  at  the  expense  of  the  lawn  (Figure  58)  the  total  thawing  basin  on 
the  developed  area  under  the  building  and  lawns  must  partially  freeze,  and  in 
the  closed  volume  of  the  basin  a large  hydrodynamic  pressure  must  arise,  with 
an  outflow  of  ground  waters  within  the  building. 

A similar  situation  can  occur  on  account  of  change  of  lower  boundary  condi- 
tions. When  the  frozen  rock  mass  is  not  thick  the  general  thawing  basin  (see 
Figure  57)  can  go  beyond  the  limits  of  the  permafrozen  rock  masses,  and  under 
the  area  of  the  development  forms  a penetrating  talik.  We  will  assume  that 
in  that  region  the  small  thickness  of  the  frozen  rock  masses  is  connected  with 
the  warming  influence  of  the  subsurface  waters.  When  the  waters  of  that  level 
are  used  and  there  is  a sharp  lowering  of  their  level  that  warming  influence 
is  removed,  which  can  be  expressed  in  a decrease  of  the  geothermal  gradient 
by  a factor  of  1.5-2,  which  in  turn  leads  to  increase  of  the  thickness  of  the 
frozen  rock  masses  also  by  approximately  1.5-2  times. 

Approximate  Estimate  of  the  Change  cf  Thickness  of  Permafrozen  Rock  Masses 
Under  the  Influence  of  Change  of  the  Water  Level  Under  the  Frost  (Example  24) 

Determine  how  the  thickness  of  a permafrozen  rock  mass  on  the  area  of  a devel- 
opment changes  if  it  is  established  that  as  a result  of  use  of  waters  below 
the  frost  their  level  on  that  territory  will  drop  in  10  years  15  meters  below 
the  base  of  the  frozen  rock  mass,  recorded  at  a depth  of  24  meters  in  a frost 
survey  conducted  in  the  stage  of  searches  according  to  a plan  task  and  working 
drawings. 

The  territory  is  characterized  by  the  following  ground-frost  conditions.  From 
the  surface  to  a depth  of  18-20  meters  lies  a formation  of  frozen  alluvial 
deposits  consisting  of  loams  with  thin  layers  (about  5 cm)  of  sandy  loams  and 
sand.  Below  (to  a depth  of  about  50  meters)  lie  water-bearing  sands  and  coarse 
gravels  of  a riverbed  facies.  The  permafrozen  rocks  have  an  average  annual 
temperature  (t^  - tj  - t^)  of  -1.5  and  are  characterized  by  the  following 

Indicators  of  properties:  for  loams  V - 1.2  g/cc,  w ■ 30%, and  A « 1.3 

kcal/(m)  (degree)  (hr);  for  sands  -s  1.78  g/cc,  wvo^°  “ 28%  and  A - 1.8 

kca 1/ (m)  (degree) (hr ),  and  the  filtration  coefficient  of  the  sands  is  ^ 10  m/hr. 

The  waters  below  frost  are  contacting.  As  a result  of  their  Influence  the 
temperature  gradient  in  the  frozen  rock  mass  below  the  layer  of  annual  fluc- 
tuations (7  meters)  reaches  0.09  degree/meter.  When  the  temperature  regime 
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of  the  rocks  is  steady  the  geothermal  gradient  in  the  water-bearing  level  is 
0.06  degree/meter  (found  from  the  condition  of  equality  of  the  heat  fluxes 
directed  toward  the  lower  boundary  of  the  permafrozen  rock  mass  and  away  from 
it). 


During  use  of  the  water-bearing  level  for  10  years  the  heat  flux  toward  the 
lower  boundary  of  the  frozen  rocks  decreases  by  a factor  of  1.5  on  account  of 
a considerable  reduction  (by  15  meters)  of  the  level  of  the  subsurface  waters 
(the  level  loses  contact  with  the  frozen  rock  mass).  The  moisture  content  of 
the  sand  diminishes  to  7%  by  volume  when  the  subsurface  water  level  drops. 

Solution.  1.  We  determine  how  the  temperature  gradient  in  the  frozen  rock 
mass  varies  in  the  new  steady  temperature  regime  corresponding  to  a reduction 
of  the  subsurface  water  level  by  15  meters  and  a decrease  of  the  heat  flux 
toward  the  frozen  rock  mass  by  a factor  of  1.5. 

The  heat  flux  toward  the  lower  boundary  of  the  permafrozen  rocks  before  start 
of  use  of  the  level,  obviously,  was  q * Ag  - 1.8  x 0.06  - 0.108  kcal/ (m^) (hr). 


After  10  years  of  use  it  became 

o 07  KKUA/M-'iac. 

4 1 ,5 


Consequently,  in  the  new  steady  regime  the  temperature  gradient 
rock  mass  must  become 
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0,0.51 


in  the  frozen 


2.  We  find  the  thickness  of  the  permafrozen  rock  mass  corresponding  to  the 
new  steady  regime  provided  that  the  average  annual  temperature  of  the  rocks 
remains  unchanges  and  equal  to  -1.5  . Then 


//  = 7 


0,031 


7 , 28  35  m. 


Consequently,  as  a result  of  use  of  the  water-bearing  level  the  thickness  of 
the  permafrozen  rock  mass  will  increase  by  11  meters. 


3%  We  find  the  time  X in  the  course  of  which  the  thickness  of  the  permafrozen 

rock  mass  increased  by  10  meters.  To  do  that  we  use  the  Stefan  formula  (3.7.7), 

.4-.  / \ 


from  which  we  obtain  X 


H Q /At  8700  years, 
i v 


Since  the  moisture  content  by  volume  of  the  freezing  sand  is  7%,  then,  conse- 
quently, Qj  “ 70  x 80  * 5600  kcal/m  . If  it  is  assumed  that  the  mean  tempera- 
ture t on  the  lower  boundary  of  the  frozen  rock  mass  (at  a depth  of  24  meters) 
in  the  period  of  freezing  is  -0.3  , that  is, 

1 d- «,«  + *.(*  n ;-<  IJHH.OM.IJI  o.r. 

then  we  obtain 


n:  5500 
1,8  0,3  • 8760 


143  zoOa. 
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Upon  increase  of  the  thickness  of  the  frozen  rock  mass  the  general  thawing 
basin  on  the  development  area  can  prove  to  be  within  the  contour  of  the  per- 
mafrozen  rocks.  Before  use  of  the  water-bearing  level  and  in  the  presence 
of  a non-through  talik,  widening  of  the  roads  at  the  expense  of  the  lawns 
would  lead  to  the  formation  of  frozen  rock  masses  under  them  and  would  not 
lead  to  icing  effects  under  the  buildings.  Icing  in  that  case,  often  compli- 
cated by  hummocks  of  heaving,  can  form  on  the  lawn  areas. 

The  development  of  icings  on  the  development  area  can  occur  not  only  when 
the  thickness  of  the  permafrozen  rocks  changes  as  a result  of  change  of  the 
lower  boundary  conditions.  Sometimes  leading  to  the  formation  of  icing  is 
change  of  the  upper  boundary  of  permafrozen  rocks,  especially  in  the  case  of 
the  formation  of  a thawed  layer  separating  a seasonally  frozen  layer  from  a 
permafrozen  layer,  which  is  characteristic  of  transitional  types  of  seasonal 
thawing.  Often  in  that  case  the  thawed  layer  of  rocks  becomes  a collector  of 
water  below  frost.  The  latter  also  leads  to  the  formation  of  icing.  There- 
fore prediction  of  the  separation  of  the  layer  £ from  a frozen  rock  mass  on 
sections  of  a development  is  a very  important  task,  especially  for  such  regions 
as  Zabaykal'ye,  where  icing  is  widespread. 

Calculation  of  the  Thickness  of  a Thawed  Layer  of  Rocks  Separating  a Season- 
ally Frozen  Layer  from  a Permafrozen  Rock  Mass  (Example  25) 

In  the  course  of  a frost  survey  it  is  established  that  within  the  limits  of 
an  investigated  region  high-temperature  frozen  rock  bodies,  the  average  annual 
temperature  of  which  varies  in  the  range  of  -0.5  to  -1°,  are  widely  developed. 
In  the  upper  part  of  the  profile  the  deposits  consist  of  alluvial  sands, 
underlain  by  loams  from  a depth  of  15  meters.  The  sands  have  the  following 
characteristics:  V “ 1700  kg/m-*;  w - 15%,  X = 1.8  and  X = 1.5  kcal/(m) 

S K L tl 

(degree ) (hr ) ; C - 434  and  C - 561  kcai/(m  )(degree);  Q,  = 20,400 

^ VOl-i  VOl*t  f) 

kcal/m  . The  average  10-year  air  temperature  in  the  region  t , “ -3.7  , 

3 ir 

the  amplitude  of  air  tenperature  fluctuations  is  21  and  the  height  of  the 
snow  cover  on  the  average  reaches  0.3  meter  at  a density  of  0.2  g/m\  In 
separate  years  the  average  annual  air  temperature  increases  to  -1.5°  and  in 
that  case  an  increase  of  atmospheric  precipitations  is  noted  in  the  winter, 
as  a result  of  which  the  height  of  the  snow  increases  to  0.4  meter. 

Solution.  1.  For  determination  of  the  conditions  of  formation  of  the  thawed 
layer  between  a seasonally  frozen  layer  and  the  surface  of  a frozen  rock  mass 
it  is  necessary  to  investigate  regularities  of  the  change  of  the  temperature 
regime  of  the  surface  of  the  soil  in  the  layer  J in  the  course  of  a number  of 
years  (the  period  of  use).  Elevation  of  the  temperature  of  the  surface  under 
natural  conditions  usually  is  connected  with  elevation  of  the  air  temperature 
and  increase  of  the  snow  height.  Elevation  of  the  ground  temperature  in  the 
layer  £ as  compared  with  the  temperature  of  the  surface  often  occurs  under 
the  influence  of  the  infiltration  of  summer  atmospheric  precipitations.  In 
the  investigated  region  it  has  been  established  that  elevation  of  the  t of 
the  rocks  on  account  of  infiltration  of  precipitations  amounts  to  +0.5  (see 
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the  calculation  of  4t  in  example  20,  Chapter  5).  This  does  not  lead  to 

gr  0Q  * 

onfluent  frost  in  years  when  t ^ is  close  in  its  value 

to  the  10-year  average,  and  the  height  of  the  snow  (h  ) does  not  exceed 

0.3  meter,  sinoe  according  to  (5.3.10)  /5t  **  21  x 0.176^  sn3. 7 ; t = t + 

sn  o 3 ir 

+ At  = 43.7°  + 3.7°  - 0°.  We  determine  that  tu  = t - At>  + At  . We  find 
sn  J ° A prec 

for  the  given  conditions',  with  the  nomogram  (Figure  33),  equal  to  -1.4  . 

Then  t^  - 0 - 1.4  + 0.5  * -0.9°  (for  calculation  of  tQ  and  t^  in  detail,  see 

Chapters  4 and  5,  examples  24,  21,  etc).  Having  obtained  by  means  of  such 

calculations  t and  t*  at  different  combinations  of  t , and  h , the  values 
o j air  sn 

of  which  are  taken  on  the  basis  of  meteorological  data,  it  is  possible  to 

readily  determine  the  sought  conditions.  Thus,  in  the  investigated  region  in 

years  with  t . = -1.5°  and  h = 0.4  m we  get  At  = 0.225  x 21  ~ 4.7°  and 

air  sn  sn 

t = -1.5  + 4.7  = 3.2  , that  is,  very  favorable  conditions  for  separation  of 

tfie  layer  of  winter  freezing  from  the  surface  of  the  permafrozen  rock  mass. 

2.  In  order  to  determine  to  what  depth  the  roof  of  permafrozen  rocks  descends 

in  warm  years  with  t . ■ -1.5  , obviously  it  is  necessary  to  calculate  the 

depth  of  the  potential  thawing  of  rocks  (see  Chapter  4,  section  3 and  example 

5).  The  following  are  the  starting  data  for  that:  ts  = 0°;  A - 21  - 4.7  + 

+3.2  * 19.5°;  Q,  - 20,400  kcal/m  ; C = 561  kcal/ (m^)  (degree)  and  A = 

f)  VO  1 - c c 

= 1.5  kcal/ (m) (degree)  (hr).  With  the  nomogram  (Figure  17)  we  find  that 

£ _ = / 1.5  x 2.4  ~ 3 meters.  To  that  one  must  add  the  increase  of  the 

5 p-Ot 

depth  of  thawing  on  account  of  infiltration  of  summer  precipitations. 

The  oe^th  of  seasonal  thawing  is  ~ 2.6  meters  at  t{  * -0.9°,  - 21  - 3.7  - 

■ 1 7. 3 and  the  same  values  of  Q,,  C , _ and  Consequently,  in  a warm 

p vol-t  t 

year  the  roof  of  a permafrozen  rock  mass  can  drop  by  0.4-0. 5 meter  (with  con- 
sideration of  convective  heat  exchange)  as  compared  with  its  average  position 
over  the  years. 


3.  We  find  the  thickness  of  the  thawed  layer  of  rocks  which  is  preserved  in 
the  course  of  the  entire  winter  period  above  the  roof  of  the  permafrozen  rock 
mass.  The  thickness  of  the  layer  is  equal  to  the  difference  between  the  depth 
of  the  potential  thawing  of  rocks  and  their  seasonal  freezing  in  a warm  year. 


With  a nomogram  (Figures  17  and!19)  we  determine  the  depth  of  seasonal  freez- 
ing at  the  following  initial  data:  t “ +3.2°;  A • 21  - 4.7  - 16.3°;  Q.  - 
3 ° 3 ° t 

" 20,400  kcal/m  ; C « 434  kcal/(m  )(degree);  \ - 1.8  kca 1/ (m) (degree) (hr); 


c - /-ns*  I.?  “ 2.3  meters.  Thus  the  thickness  of  the  thawed  layer  preserved 
to  the  end  of  the  winter  period  is  not  less  than  0.7  meter  (^ 


0t 


" *fr  '* 


In  all  calculations  of  the  change  of  thickness  of  frozen  rock  masses  it  is 
necessary  to  take  into  consideration  that  that  change  occurs  in  the  course 
of  time  and  that  it  is  necessary  to  estimate  the  importance  of  that  factor. 
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In  particular,  the  rate  of  change  of  the  thickness  of  the  frozen  rock  mass  or 
the  rate  of  new  formation  of  frozen  rocks  should  be  compared  with  the  time  of 
existence  of  buildings  and  other  structures.  For  approximate  estimation  of 
the  rate  of  perennial  thawing  of  frozen  rock  masses  or  their  new  formation  the 
very  simple  Stefan  formula  (3.7.7)  can  be  used. 

For  analysis  of  the  regularities  in  the  formation  of  the  thickness  of  perma- 
frozen  rocks,  made  in  the  course  of  a frost  survey,  and  also  for  calculation 
of  the  new  formation  of  passages  and  thin  frozen  rock  masses,  during  the  fore- 
cast it  is  necessary  to  calculate  the  depth  of  the  permafrost,  assuming  that 
the  temperature  regime  on  the  surface  of  the  soil  varies  according  to  a periodic 
law. 

The  forecast  of  the  change  of  thickness  of  permafrozen  rock  masses  is  of  great 
importance  in  any  type  of  economic  opening  up  of  territory.  In  all  cases  the 
problem  is  reduced  to  calculation  of  the  temperature  fields  and  dynamics  of 
the  front  of  freezing  of  rocks.  Presented  in  example  26  is  a method  of  approxi- 
mate estimation  of  the  change  of  thickness  of  frozen  rock  masses.  More  precise  ( 
solutions  in  the  determination  of  the  thickness  of  permafrost  are  given  in  sec- 
tion 1,  Chapter  9. 

Calculation  of  the  Thickness  of  a Permafrost  Layer  (Example  26) 

In  a frost  survey  the  presence  of  thin  (20-25  meter)  frozen  rock  masses  in 
river  valleys  was  established.  Presumably  this  can  be  connected  with  the 
formation  of  frozen  rocks  in  the  cooling  period  observed  in  the  300-year  fluc- 
tuations of  the  air  temperature.  To  prove  that  connection,  one  should  calcu- 
late the  depth  of  the  permafrost  if  it  is  known  that  the  average  annual  tem- 
perature of  the  surface  of  the  soil  is  0°  and  the  amplitude  of  fluctuations 
of  the  average  annual  temperatures  during  300  years  reaches  8°.  The  frozen 
rock  mass  is  composed  of  alluvial  sandy  loams  containing  loams  of  similar  com- 
position, ^the  specific  gravity  of  the  skeleton  of  which  can  be  assumed  to  be 
1200  kg/m  . The  average  moisture  of  rocks  for  the  layer  is  close  to  the  total 
moisture  capacity  and  is  33%.  The  thermal  conductivity  of  the  frozen  sandy 
loams  and  loams  varies  in  the  range  of  1.2  to  1.35  kca 1/ (m) (degree ) (hr ) and 
for  calculations  can  be  assumed  to  be  1.3  kca 1/ (m) (degree ) (hr ) . If  it  is 
taken  into  account  that  about  5%  of  the  water  in  rocks  did  not  participate 
in  the  phase  transitions  during  freezing  (taken  in  accordance  with  the  tem- 
perature regime  of  the  rocks  and  the  curve  of  unfrozen  water  --  see  example 
7)  we  determine  that  Q,  fc"  27,000  kcal/m  and  E ^ 470  kca l/{m^)  (degree ). 

f)  VO  1 - L 

The  geothermal  gradient  in  the  frozen  rock  mass  Is  0.02  degree/meter. 

Solution.  We  calculate  the  depth  of  permafrost  with  fromula  (4.2.1),  which 
in  a form  more  convenient  for  calculation  is  written  as  follows: 

(AHy all)  <»ft 

where 
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Air 
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(.5,  /). 

< 'o  £7/:  7/ic 


i.TC 
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-'•u:  y,j, 


The  given  equation  is  transcendental,  since  the  lower  boundary  --  the  average 
perennial  temperature  and  the  amplitude  of  temperature  fluctuations  on  the 
base  H --  are  determined  as  a function  of  the  depth  of  the  permafrost  H.  And 
so  it  is  solved  by  trial  and  error,  that  is,  several  values  of  H are  given  and 
identity  of  both  its  parts  is  achieved  upon  substitution  in  the  equation. 


1,  We  will  assume  that„H  = 10  m.  Then  we  have:  t = 0 + 0,02  x 10 
A - 0.5  (8  + 0.2)  = 4.1  ; * - 28.7;  fS  ■=  48; 


//. 


/ 

2 <8  0.2)  y 
2 • -1,1 


I ■ 30  ) • 470  • 876  ) 

3.14 

. 470  : 27  000 


1!,16  m. 


0.2 


When  all  the  starting  values  are  substituted  in  the  equation,  identity  is  not 
obtained,  since  the  right  side  of  the  equation,  that  is, 

II  (All-c  ■ a.7)  aft 

■e  [AHzc  -f  aH  ■■  p(/1  a)J  (.4  u) 


is  equal  to  « 19  in  and  on  the  left  side  H = 10  m. 

2.  We  are  given  other  values  of  H,  for  example,  H - 30  cm.  Upon  correspond- 
ing substitution  we  find  that 

H ■ (/Wy  aH)  aft  26  ,, 

[AH  n aH  P(A  a))  (A  a) 


Consequently,  Identity  also  is  not  obtained  in  that  case. 


To  find  the  unknown  value  of  H we  use  graphic  construction,  as  was  done  in 

finding  At  and  At  (see  Chapter  5,  examples  10,  20,  etc).  It  is  evident 

sn  prec 

from  Figure  59  that  the  depth  of  permafrost  of  the  indicated  rocks  in  300-year 
fluctuations  of  temperature  on  the  surface  of  the  soil  is  24  m,  which  corre- 
sponds to  the  thickness  of  the  frozen  rock  masses  on  the  investigated  section. 


6.  Forecasting  Change  of  the  Temperature  Regime  of  Permafrozen  Rocks  in  the 
Layer  of  Annual  Temperature  Fluctuations 

In  solving  a number  of  critical  problems  (for  example,  in  determining  the 
depth  of  bedding  of  foundations)  a need  arises  for  classification  of  the  dy- 
namics of  change  of  the  temperature  regime  of  permafrozen  rocks  in  the  layer 
of  annual  fluctuations  of  temperature.  A solution  of  this  problem  in  the 
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general  case  with  consideration  of  phase  transitions  in  the  range  of  tempera- 
tures can  be  found  only  by  means  of  a computer.  Simultaneously  with  that 
there  exist  approximate  methods  of  solving  that  problem.  In  the  latter  case 
it  is  assumed  initially  that  the  phase  transitions  of  water  in  the  underlying 
permafrozen  soils  during  temperature  variation  in  the  range  of  0 to  -10  or 
-15  are  relatively  small  in  comparison  with  phase  transitions  in  the  layer 
of  seasonal  thawing.  Because  of  this  it  is  advisable  to  base  the  approxi- 
mate calculation  scheme  on  the  introduction  of  the  effective  heat  capacity, 
which  takes  phase  transitions  into  account. 

One  should  proceed  as  fdllows  in  determining  the  effective  he»t  capacity. 

By  means  of  a formula  for  determining  the  depth  of  seasonal  thawing  (freezing) 
of  rocks  (4.1.4)  the  depth  of  the  extent  of  annual  temperature  fluctuations 
in  a permafrozen  rock  mass  is  calculated  with  consideration  of  the  phase  tran- 
sitions of  the  unfrozen  water  in  the  temperature  range  (see  example  7).  Then 
the  obtained  depth  h below  the  layer/  should  be  substituted  in  the  Fourier 
equation  (3.3.4)  and  from  it  the  effective  heat  capacity  should  be  deter- 

mined. In  finding  C instead  of  A we  should  introduce  into  the  formula 
(without  consideration  of  asymmetry),  that  is , A^  ■ |t^  . 

The  character  of  the  temperature  field  in  a permafrozen  rock  mass  can  with 
adequate  approximat ion  be  written  with  equation  (4.2.1)  if  C is  substi- 
tuted instead  of  G.  e 

Determination  of  the  maximal  temperatures  in  layer  h is  of  great  practical 
importance.  According  to  the  SNIP  (Construction  Norms  and  Specifications) 
for  calculation  of  the  depths  of  foundations  a diagram  of  forces  is  deter- 
mined for  freezing  in  the  layer  of  seasonal  thawing  and  in  the  underlying 
layer  of  permafrozen  rocks.  For  that  purpose  it  is  necessary  to  have  the 
temperature  distribution  in  the  soils  and  a characterization  of  their  proper- 
ties for  the  most  unfavorable  moment  in  relation  to  the  stability  of  the 
foundation  during  heaving.  Such  a moment  is  the  time  of  connection  of  the 
freezing  seasonally  thawed  layer  with  the  permafrozen  rock  mass.  It  is  pre- 
cisely at  that  time  that  the  maximal  forces  of  freezing  and  the  maximal  forces 
of  heaving  develop  in  the  seasonally  thawed  layer,  causing  bulging  of  the 
foundation.  The  temperatures  in  the  permafrozen  rock  mass  (in  the  layer  h), 
which  determine  the  characteristics  of  the  properties  of  permafrozen  rocks 
and  the  diagram  of  forces  of  freezing  of  the  ground  to  the  foundation,  which 
restrain  the  latter  from  bulging,  must  be  calculated  for  that  moment. 

The  temperature  distribution  by  depth  in  the  layer  h at  the  moment  of  connec- 
tion of  the  freezing  layer  / with  the  frozen  rock  mass,  evidently,  must  be 
determined  under  the  condition  t " 0 on  the  base  of  the  layer  f . In  con- 
nection with  the  fact  that  a steady-state  process  is  examined  periodically, 
calculation  without  consideration  of  a concrete  moment  of  time  can  be  done 
with  formula  (4.2.1),  in  which  the  term  corresponding  to  the  geothermal  gra- 
dient also  is  not  taken  into  consideration. 
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Figure  59.  Graph  for  finding  the  Figure  60.  Temperature  distribution 

depth  of  permafrost.  in  the  layer  h at  the  moment  of  time 

T/4. 


Calculation  of  Temperatures  on  the  Basis  of  Depth  in  Layer  h at  the  Moment 
of  Connection  of  the  Freezing  Layer  £ With  the  Permafrozen  Rock  Mass  (Maximal 
Temperatures  According  to  SNIP  II-B.6-66)  (Example  2 7) 


Given:  an  average  annual  ground  temperature  of  -3°;  the  following 

physical  properties  of  the  ground:  A = 1.5  kca 1/ (m) (degree ) (hr ) ; 

3 £ 3 

= 460  kcal/(m  )(degree);  Q.  = 3168  kcal/m  (see  calculation  of  Q, 
layer  h in  example  7).  p 


thermo- 

Cvol-f 
in  the 


S61ution.  1.  We  determine  the  thickness  of  the  layer  of  annual  temperature 
fluctuations  in  the  permafrozen  rock  mass  with  formula  (4.14).  As  follows 
from  example  7,  for  the  given  conditions  h = 3.9  m.  At  ? - 1.8  m the  entire 
layer  of  annual  temperature  fluctuations  will  be:  H - 1.8  + 3.9  - 5.7  m. 

2.  From  equation  (3.3.4),  making  the  appropriate  substitutions,  we  find  the 
effective  heat  capacity: 

}.T 


(.  IM  r 
i,nirrj 


tr  c i v 


r i ,5  Sj'tO  11.56 

’*  15.21 

^9937  kku.i/m\ 

3.  He  determine  the  temperature  distribution  for  the  depth  h at  the  moment 
of  its  Jolnlag  with  the  layer  f . It  is  obvious  that  under  boundary  cotl- 

ditions  on  the  base  of  the  layer  j of  the  type  t^  (1  - sin  — T)  the  $oln« 

tag  of  the  freezing  lajer  f and  the  frozen  layer  h sets  in  at  the  moment  of 
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time  "C  •=  T/4.  In  our  case  the  calculation  of  the  maximal  temperatures  in  the 
layer  h is  made  from  the  depth  of  1.8  m to  the  depth  of  5.7  m with  the  step 
z = 0.3  m with  the  formula 


t (*o,3.  t)  h | 1—  exp 


Z I / — } cos  z 
l uT 


V >r  ; 


.2) 


At 


a . t~. 


3°. 


The  results  of  the  calculations  are  presented  in  Table  36  and  on  the  graph 
(Figure  60).  In  case  of  need  the  calculation  can  be  made  for  any  depth  within 
the  limits  of  the  layer  h. 


Table  36.  Calculation  of  t at  the  depth  h with  formula  (6.6.2) 

max  ^ 


1 . 

c / 0.3  .*■ 

0.3 

0.f> 

j 0.0  j ' 2 j , 5 

l.c  ! 2.1  ! 2.1  ! 2 1 3.0 

lit! 

3.3  1 1'i 

i 

3 'i 

3 

I .n6iiHa  cio 

• 

i 

1 

2.7 

3.0 

3,3 

3,f. 

3.0 

•1 .2 

•1,5 

•1,8 

1 

| 3.4 

S.‘ 

h 

6»hc  h . . | 

1 

!— 1,31—2.3 

-2.9 

3,  ! 

-3.2 

1-3.2 

—3.  1 

—3. 1 

1—3,0 

l 

1 — 3,  uj 

--3,0 

1 

- 3,fi|  3.H 

Key:  a - Depth  h with  z - 0.3  m b - Depth  of  layer  f 

depth  h 


z c - t at 
max 


For  calculation  of  the  diagrams  of  forces  of  freezing  together  in  the  layer 
| it  is  necessary  simultaneously  with  determination  of  t in  the  layer  h 
to  determine  also  the  temperature  distribution  in  the  layer  at  the  moment 
of  joining.  The  change  of  temperature  in  the  layer  ? at  that  time  can  be 
taken  according  to  a linear  law  with  sufficient  accuracy. 


Thus  the  problem  consists  in  finding  the  temperature  of  the  surface  at  the 

moment  of  time  under  cons iderat ion  and  in  determining  the  length  of  freezing 

of  the  seasonally  thawed  layer.  The  latter  can  be  found  with  the  very  simple 

Stefan  formula  (3.7.7).  In  that  case  the  time  must  be  read  from  the  moment 

of  Inversion  of  sign  of  the  temperatures  on  the  surface  (T  ).  The  value  of 

the  sum  of  the  frost-degree-hours  Cl  as  a function  of  T entering  formula  (3.7.7) 

is  determined  during  harmonic  oscillations  of  the  type  t + A sin  2^/T  from 

* o 

the  correlation 


9.  (t„)  =/0(tcm  -t0) 


-'--sin  1-  (tc„  t0)  sin  ^ (rCM  t0), 
2.1  T i 


(6  0.3) 


where  T - T/2  + T/2TT  arc  sin  tr/A  is  the  moment  of  start  of  freezing  of 
the  seasonally  thawed  layer. 
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The  moment  of  time  T.  at  the  given 
transcendental  equation  (6.6.3)  if 
substituted  in  it: 


value  of  | is  readily  determined  by  solving 
the  value  of  fi  from  the  Stefan  equation  is 

(6.6.4) 


To  simplify  finding  the  temperature  of  the  surface  at  the  moment  of  joining, 
the  results  of  solution  of  equation  (6.6.4)  at  different  values  of  A and  Q, 
are  reduced  to  the  corresponding  nomograms.  The  indicated  graphs  (F?gure  ^ 

61)  illustrating  the  dependence  of  the  temperature  of  the  surface  at  the  moment 
of  joining  (t^)  on  the  average  annual  temperature  of  the  ground  t^  at  given 

were  constructed  in  accordance 


values  of  Q,  ^ in  a broad  range  of  values  of  A 


with  the  tyf>e  of  nomograms  of  the  depths  of  seasonal  thawing  (see  Figures  14- 
19).  Each  nomogram  represents  curves  obtained  at  C 

^ C * C 1 n n r\ i <1  ».  A _ CAAA  l A aXRI 


500  kca  1/ (nr  ) (de- 

■or  A^  = 5,  10,  20  and  30'  at  Q - 3000,  10,000*"*'20,000  and  40,000 
kcal/mJ  respectively.  It  is  obvious  that  in  the  approximation  under  consid- 
eration neither  t.  nor  the  values  of  the  time  of  joining  are  dependent  on  the 


All  curves  of  t.  (see  Figure  61)  start  from  the  origin  of  the  coordinates 
(since  at  t^  - 6 the  depth  of  seasonal  thawing  $ coincides  with  the  potential 
thawing  and,  consequently,  t . - 0)  and  ends  on  the  tj  axis  at  the  point  t = A 
(since  in  that  case  5 - 0).  J * 


Figure  61.  Nomograms  for  finding  t at  the  moment  of  join- 
ing of  the  layer  ^ with  the  permafrozen  rock  mass. 

Kay:  a - kcal/m3  b - t.,  C 
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Independently  of  and  the  form  of  the  curves  of  t as  a function  of  t 

is  identical:  a sharp  drop  of  t.  at  values  of  t^  close  to  zero  and  a somewhat 

s 1 'we»r  Increase  after  reaching  d minimum.  It  is  characteristic  that  the  values 

of  tj  at  which  the  minimal  values  of  t,  are  reached  decrease  slightly,  although 

A varies  in  a wide  range  in  that  case.  Since  it  is  evident  on  the  nomograms 

(see  Figure  61)  that  at  Q.  “ 10,000  kcal/m  for  A = 5°  the  minimal  t.  of  -6° 

r o j 

corresponds  to  t|  * - , whereas  at  A^  “ 30  the  minimal  t.  of  -34  is  achieved 

at  a value  of  tj  of  only  -4  . The  calculations  show  that  ]at  different  values 

of  Q,  and  different  values  of  C the  values  of  t.  for  different  values  of  A 
r>  J o 

differ  very  little  in  practice,  and  this^makes  it  possible  to  use  the  diagram 

for  calculation  of  t.  at  C ■ 500  kcal/(m  )(degree)  for  other  values  of  C. 

Calculation  of  the  Temperature  of  the  Surface  of  the  Ground  at  the  Moment  of 
Joining  the  Freezing  Layer  t With  the  Permafrozen  Rock  Mass  (Example  28) 


On  the  basis  of  frost  survey  data  it  is  known  that  a construction  section  within 
the  limits  of  a layer  with  annual  temperature  fluctuations  (15-18  m)  is  com- 
posed of  loams  characterized  by  V = 1200  kg/om  ; w - 277.;  A.  - A = 1.5  kcal/ 

s K ^ ft 

/ (m)  (degree)  (hr);  Q • 21,120  kcal/m  at  w ■ 5%.  The  average  annual  tern- 

un 

perature  on  the  surface  of  the  soil  and  the  average  annual  temperature  of  the 
ground  is  -3.5°  (t  “ tj ) , and  the  amplitude  of  the  annual  temperature  fluc- 
tuations on  the  surface  of  the  soil,  provided  that  the  snow  is  removed  in  the 
winter,  is  20  . Determine  the  time  of  Joining  the  freezing  layer  J1'  with  the 
surface  of  the  permafrozen  rock  mass  and  the  temperature  of  the  surface  of  the 
soil  at  that  moment. 


Solution.  1.  We  determine  with  the  nomogram  (see  Figure  17)  the  depth  of 

seasonal  thawing  of  the  ground  at  the  construction  site  under  the  following 

starting  conditions:  t “ tj  - -3.5°;  A ^ - 20°;  Q . - 21,120  kcal/m3;  C - 500 

kcal/(m  )(degree);  A.  “°1.5  kcal/ (m) (degree)(hr).  We  find  that  t = 1*8  hi 

t nom 

and,  consequently,  the  unknown  value  of  J is  ^ 2.2  m ( f ■ $ x J\  ). 

nom 

2.  We  determine  the  sum  of  the  frost-degree-hours  necessary  to  freeze  the 
layer  i under  the  given  conditions.  In  accordance  with  (6.6.4) 


i » 


(2  2 • 21  120 
2 1,5 


3 1 073  ,G  cpad  ■ huc. 


3.  We  find  the  duration  of  freezing 
transcendental  equation  (6.6.3)  at  O 


(V 


"C  ) of  the  layer  J by  solving 
34,074  degree-hrs  and 


t0  -1380  ^1  ■ 1 arcsin  j 5135  ‘iac. 


By  determining  by  trial  and  error  (see  Table  37)  we  find  the  sought 

value  of  T 06  6849  hours  under  the  given  conditions.  Consequently  the  length 
of  freezing  of  the  layer  J before  joining  with  the  permafrozen  rock  mass  is 
2354  hours. 
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Table 


f freezing  of  the  layer  to  the 
„ F„r  finding  the  temperature  o£  freer  leg 

perma frozen  rock  mass 


a ib 

y.  n/n 


17,' 0 

;o  o 

t„,00 

ObCO 

Ci^O 


°U 


epc)  **2C 


oo  f Q£  ,0 

lit  3.V2.5 
2'i  6<i5.~ 
j3  0°t> . 1 


Key 


a - Expt  No 


b - hr 


- 0 s,  degree -hours 

(Tr 


on  the  surface  of 

0.  «.«h  the 

f„:  from  r.rr„:t  ta^n  t„to  .ccount^n  thet  ^ Jlag„„  that  for 

q - 21,120  kcal/m-4;  t - -3.5  0 

C^ose  conditions  t - -23.  . 

- of  Frozen  Dispersed 

Regularities  of  the  Change  of  * h.rmophys  Id.  1 W“ 

Rocks  Skeleton  of  the  Ground  on  Composition 

L.  Dependence  of  the  Heat  Capacity  of  the 

0 " ""  "of  experimental  determination  of  t-  -capacity  o^the  s.leton 

- . "f  “ ?5ir,  :'f  k^uu>>. 

r:»  <£«.-•  -t  r'ductlon 

The  neat  capacity  of “^nienc.  Is  expressed  ,1th  the  formula 

the  temperature.  ^ ,r  7 n 

„ r\  r\r\f\  l HQ  i OO  _ _ f ( U . * • » I 


CtB«  0,193  — 0.000138122,6- 


L,  VJ,  1 27  vJ  v,vvv»«wX  — i-  wyj' 

over  the  entire  range 
, , r.  chanee  of  the  heat  capacity  over 
and  represents  the  linear  change 
Of  temperatures  from  +20  to  -1« 

Which  Is  a linearly  increasing 


r 0 183  •0,00020(22,6  — W 

'“'CK  * 


(6.7.21 
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Figure  62.  Dependence  of  the 
average  heat  capacity  of  the 
skeleton  of  the  ground  on  tem- 
perature: 1 - kaolin;  2 - loam; 
3 - quartz  sand,  a - C 
kca 1/  (g) (degree) 


■'sk* 


The  conducted  investigation  permits  drawing  the  conclusion  that  the  tempera- 
ture coefficient  of  heat  capacity  of  the  skeleton  of  the  rocks  is  sufficiently 
small  and  should  be  taken  into  consideration  only  in  considering  broad  tem- 
perature ranges.  Thus  the  change  of  the  temperature  of  a sample  by  100°C 
reduces  the  heat  capacity  of  loams  by  7%  and  of  sands  by  10%. 

2.  Dependence  of  the  Heat  Capacity  of  Soils  on  Composition  and  Temperature 


On  the  basis  of  the  obtained  values  of  the  heat  capacity  of  the  skeleton  of 
soils  and  the  amount  of  subfrozen  water  as  a function  of  temperature  the 
specific  heat  of  moist  ground  is  calculated  in  the  thawed  and  frozen  states: 


CT 


100  C,  5 

100  1 ty 


(6.7.3) 


I M)  ^.~c  k ■ C - (' y 

100  : u 


(6.7.4) 


Presented  on  the  diagrams  (Figures  63  and  66)  are  the  dependences  of  the  cal- 
culated values  of  the  heat  capacity  on  the  degree  of  moisture  saturation  and 
the  specific  weight  of  the  skeleton  for  clays  and  sands.  In  the  frozen  state 
the  heat  capacity  of  clays  was  calculated  without  consideration  of  the  amount 
of  unfrozen  water. 


The  specific  heat  of  the  ground  (Figure  63)  increases  with  increase  of  the 
degree  of  moisture  saturation  and  is  greater  the  smaller  the  specific  weight 
of  the  skeleton.  The  change  of  the  specific  heat  is  greater  in  the  thawed 
than  in  the  frozen  state.  All  the  curves  presented  on  Figure  63  converge  at 
the  zero  value  of  the  degree  of  moisture  saturation  (dry  ground).  The  increase 
of  the  specific  heat  with  increase  of  the  degree  of  moisture  saturation  at 
large  values  of  the  specific  weight  of  the  skeleton  can  be  assumed  to  be  lin- 
ear, and  at  small  values,  the  increase  is  greatly  decelerated  in  comparison 
with  the  linear  dependence. 

The  volumetric  heat  capacity  (Figure  64)  increases  linearly  with  increase  of 
the  degree  of  moisture  saturation.  The  Increase  is  steeper  the  smaller  the 
specific  weight  of  the  skeleton  of  the  ground.  Diagrams  63  and  64  were  con- 
structed in  a wide  r^nge  of  values  of  the  specific  weight  of  the  skeleton, 
from  0.8  to  2.4  g/cm  , covering  practically  all  encountered  values,  and  there- 
fore they  can  be  used  to  determine  heat  capacity  instead  of  calculations  with 
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Figure  63.  Dependence  of  the  specific 

heat  (C  - C , ) of  sand  (broken 

spec  sk 

line)  and  clay  on  q in  the  thawed  (a) 
and  frozen  (b)  states  at  • : 

1 - 0.8;  2 - 1.2;  3 - 1.6;S  4 - 2.0 
g/cm  . 1 - C - C , kca 1/ (g) (deg) 

SpGC  SK 


Figure  64.  Dependence  of  the  vol- 
umetric heat  capacity  (C  - C ) 

on  q and  ^ ^ (g/cm  ) in  the  thawed 

(a)  and  frozen  (b)  states.  1 -~ciay; 

2 - sand.  1 - C - C , (cm  )(deg) 
vol  sk 


the  presented  formulas  (6.7.3  and  6.7.4).  The  diagrams  were  constructed 
without  consideration  of  the  amount  of  unfrozen  water  and  in  the  frozen  state 
the  values  of  the  heat  capacity  are  slightly  understated. 

Reduction  of  the  temperature  in  frozen  grounds  has  far  less  influence  on  the 
heat  capacity  than  the  transition  from  the  thawed  to  the  frozen  state.  Thus, 
for  example,  for  alluvial  sand  with  2 - 22%  the  change  of  temperature  from 
0 to  -20  C reduces  the  specific  heat  from  0.34  to  0.25  kca 1/ (g) (degree ) , and 
further  reduction  of  the  temperature  to  -120  C reduces  that  value  to  0.21  kcal/ 
(g) (degree). 

According  to  the  obtained  experimental  data  the  temperature  coefficient  of 
the  specific  heat  of  the  skeleton  4s  maximal  for  sand  and  amounts  to  0.2%  per 
degree.  The  specific  heat  of  moist  sand  also  diminishes  at  the  same  rate. 
Probably  that  value  should  be  considered  the  upper  limit  of  possible  reduction 
of  heat  capacity  with  reduction  of  temperature.  That  change  is  substantial 
only  in  the  consideration  of  a wide  range  of  temperatures. 
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3.  Dependence  of  the  Coefficients  of  Thermal  and  Temperature  Conductivity  of 
Soils  on  Their  Composition,  Moisture  Content  and  Temperature 

Under  natural  conditions  soils  are  encountered  with  a moisture  equal  to  the 
hygroscopic  and  higher.  In  soils  used  for  study  of  the  coefficient  of  tem- 
perature conductivity,  the  hygroscopic  moisture  corresponds  to  a degree  of 
moisture  saturation  of  0.05  for  sands  and  r*  0.16  for  heavy  loams. 

In  the  process  of  investigations  the  degree  of  moisture  saturation  given  is 
from  0.1  - 0.2  to  0.9  - 1.0,  that  is,  practically  from  the  hygroscopic  mois- 
ture content  to  total  moisture  saturation.  Within  those  limits  of  moisture 
all  the  obtained  dependences  of  the  coefficients  of  thermal  and  temperature 
conductivity  are  valid.  The  thermophysical  characteristics  of  dry  ground  were 
not  taken  into  consideration  in  the  calculations.  This  is  especially  important 
for  sands,  in  which  a very  sharp  change  of  the  coefficients  of  thermal  and 
temperature  conductivity  are  observed  at  low  moisture  contents  (Chudnovskiy , 
1955). 

Presented  below  are  the  results  of  the  processing  and  generalization  of  the 
coefficients  of  thermal  and  temperature  conductivity  obtained  in  recent  years 
for  each  type  of  ground.  Distinguished  separately  is  the  influence  of  the 
transition  of  ground  from  the  thawed  to  the  frozen  state  on  the  coefficients 
of  thermal  and  temperature  conductivity,  which  are  of  special  practical  interest. 

/The  coefficient  of  temperature  conductivity  of  soils  (at)/.  For  samples  with 
a destroyed  structure,  experimental  determinations  have  been  made  of: 

a)  the  dependence  of  the  coefficient  of  temperature  conductivity  on  the  de- 
gree of  moisture  saturation; 

b)  the  change  of  the  above- indicated  dependence  when  the  temperature  is 
lowered  to  -120°C; 

c)  the  dependence  for  loams  on  porosity  at  two  values  of  the  degree  of  mois- 
ture saturation  in  the  thawed  and  frozen  states. 

The  dependence  of  C<  on  the  degree  of  moisture  saturation  of  soils.  In  loams 
and  clays  the  results  of  determination  of  the  dependence  of  the  coefficient 
of  temperature  conductivity  on  the  degree  of  moisture  saturation  at  the  same 
porosity  (about  0.42),  close  to  the  average  value  for  those  soils,  are  presented 
on  Figure  65.  The  divergence  of  the  experimental  points  from  the  averaged 
curves  does  not  exceed  +5%.  In  the  thawed  state  (Figure  65a ) o(  increases  with 
increase  of  the  degree  of  moisture  saturation,  reaching  a maximum  at  values  of 
the  latter  of  0.6  - 0.8,  and  then  decreases. 

Curves  corresponding  to  different  soils  are  disposed  fairly  close  to  one 
another,  and  therefore  a single  general  dependence  of  them  can  be- expressed, 
the  erroi  of  which  does  not  exceed  +10%.  The  equation  of  that  generalized 
dependence  of  o(  on  the  degree  of  moisture  saturation  (q)  has  the  form 


<;T  - 0,00078 + 0,0033-17— 0,00252  q-  (M7fuac) . (6  ' 
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Figure  65.  Dependence  of  the  coefficient  of  temperature 
conductivity  of  soils  on  q in  the  thawed  (a)  and  frozen 
(b)  states:  1 - kaolin;  2 - heavy  loam;  3 - medium  loam; 
f - average  value  of  0^  for  kaolin  and  loams;  5 - quartz 
sand,  0.1-0.25  inm  fraction;  6 - quartz  sand,  0.25-0.50 
mn  fraction;  7 - silty  sand.  a - M,  m^/hr 

In  the  frozen  state  (Figure  65b) Ck  also  increases  with  increase  of  the  degree 
of  moisture  saturation,  but  the  form  and  position  of  the  curves  corresponding 
to  different  soils  differ  much  more  than  in  the  thawed  state  and,  as  is  evi- 
dent on  Figure  65,  generalized  curve  (4)  for  heavy  loams  differs  from  the 
curve  for  kaolin  and  medium  loam.  Whereas  for  medium  loam  and  kaolin  the 
dependence  of  the  coefficient  of  temperature  conductivity  represents  a mono- 
tonic Increase  with  increase  of  the  degree  of  moisture  saturation,  one  which 
decelerates  after  q —0.8, and  can  be  expressed  by  a quadratic  equation,  for 
heavy  loams  the  analogous  dependence  has  a more  complex  form. 

Those  two  dependences  can  be  expressed  by  a single  averaged  curve,  but  with 
great  arror.  An  equation  expressing  the  dependence  of  the  coefficient  of 
temperature  conductivity  of  frozen  loams  has  the  form 

A*  - 0,00072  + 0, 00228?— 0,00022<?2  (MV 'iac).  (67.6) 

with  a mean-square  error  of  about  20%.  It  should  be  noted  that  the  above- 
presented  averaged  dependences  of  the  coefficient  of  temperature  conductivity 
of  loams  and  clays  are  valid  in  the  entire  range  of  values  of  q from  0 to  1. 

In  studying  sands,  determinations  of  the  dependence  of  the  coefficient  of 
temperature  conductivity  on  the  degree  of  moisture  saturation  were  made  for 
samples  also  with  a single  value  of  the  porosity  (about  0.37).  The  coef- 
ficient of  temperature  conductivity  of  quartz  sand  decreases  and  that  of 
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silty  sand  increases  with  Increase  of  q in  the  entire  range  from  0.1  to  0.9, 
and  in  the  region  of  values  of  q of  0.6-0. 9 the  values  of  U of  all  sands 
practically  coincide  (Figure  65.).  Comparison  with  values  of  the  coefficient 
of  temperature  conductivity  of  dry  sand  permits  drawing  the  conclusion  that 
the  greatest  change  occurs  in  the  very  first  stage  of  moistening. 

Thus  for  approximate  calculations  it  can  be  assumed  that  the  coefficient  of 
temperature  conductivity  of  sands  varies  almost  not  at  all  at  values  of  q 
greater  than  0.1.  The  established  regularity  is  also  valid  to  a consider- 
able degree  for  soils  in  the  frozen  state.  However,  the  scattering  of  values 
here  is  much  larger,  and  samples  of  the  same  sand  can  differ  by  20-25%  in 
values  of  the  coefficient  of  temperature  conductivity  (see  Figure  65). 

The  obtained  dependences  of  the  coefficient  of  temperature  conductivity  of 
sands  on  the  degree  of  moisture  saturation  (at  a value  of  q greater  than  0.1) 
can  be  represented  by  generalized  equations  for  the  thawed  state  within  +10%, 
and  for  the  frozen  state  within  +25%: 

<jt  0,00115  0,00077 q (m'.'wc),  (0.7.7) 

a 0 00188  U ,0005 la  (n'/'iac).  (0.7.8/ 

/The  dependence  of  0<  on  the  temperature  of  soils  in  the  frozen  state/.  The 
coefficient  of  temperature  conductivity  of  loams  and  clays  in  the  frozen 
state  has  been  determined  in  several  temperature  ranges  from  -20  to  -120  C. 
Comparison  of  the  obtained  values  for  all  the  loams  and  clays  shows  that  the 
reduction  of  temperature  has  practically  no  effect  on  the  values  and  form 
of  the  dependence  of  the  coefficient  of  temperature  conductivity  on  the  de- 
gree of  moisture  saturation. 

Presented  on  Figure  66  as  an  illustration  are  the  dependences  of  the  coef- 
ficient of  temperature  conductivity  on  the  degree  of  moisture  saturation 
in  three  temperature  ranges  for  kaolin  and  heavy  loam.  The  separate  curves 
for  each  temperature  range  and  the  mean  from  -20  to  -80  C practically  com- 
pletely coincide. 

The  influence  of  the  temperature  on  the  coefficient  of  temperature  conducti- 
vity of  frozen  sand  is  manifested  much  more  strongly  than  in  loams  and  clays, 
but  no  clear  regularity  has  as  yet  been  established  in  that  change.  Thus, 
in  some  cases  &<  decreases  with  reduction  of  the  temperature,  and  in  others 
it  remains  almost  constant  (Figure  67),  while  in  still  others  it  decreases 
in  the  range  of  -40  to  -60  C and  increases  at  lower  temperatures.  This  is 
observed  in  practically  identical  formations,  in  the  best  case  different  in 
the  time  of  stay  at  a given  negative  temperature,  which,  as  is  known,  does 
not  have  to  cause  any  sort  of  changes  in  the  structure  of  samples. 

The  change  of  the  coefficient  of  temperature  conductivity  with  reduction  of 
the  temperature  in  some  cases  reaches  80%,  and  so  it  is  very  desirable  to 
maKP  clear  what  causes  that  change.  Possibly  the  reason  for  change  of  b(  is 
the  presence  of  iniorof lssures  and  change  of  the  quantity  of  them  when  the 
teim-er.'  ture  is  reduced. 
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Figure  66.  Dependence  of  the  coef- 
ficient of  temperature  conductivity 
of  kaolin  (a)  and  heavy  loam  (b)  on 
q and  temperature:  1 - from  -20  to 
-40°;  2 - from  -40  to  -60°;  3 - from 
-60  to  -80°;  4 - from  -20  £o  -80° 
(average  value),  a - oc,m  /hr 


Figure  67.  Dependence  of  the  coef- 
ficient of  temperature  conductivity 
of  quartz  sand  of  the  0.25-0.50  mm 
fraction  (two  lots)  on  q and  tempera- 
ture: 1 - from  -20  to  -40;  2 - from 
-40  to  -6^°;  3 - from  -60  to  -80°. 

a - cx. , m /hr 


/The  dependence  of  <X  on  the  porosity  of  the  ground  (n)/has  been  verified  only 
for  loams.  The  experiments  were  conducted  at  two  values  of  q,  0.6  and  0.9, 
and  the  porosity  varied  from  0.35  to  0.65.  The  results  are  presented  on  Fig- 
ure 68. 


In  the  thawed  state  the  character  of  the  dependence  of  K.  on  the  porosity  and 
the  values  of  <X  themselves  at  q = 0.6  coincide  completely  with  the  values  of 
» at  q - 0.9.  The  coincidence  of  values  of  cx.  at  degrees  of  moisture  satura- 
tion of  0.6  and  0.9  is  completely  regular  (see  Figure  65). 

At  the  indicated  values  of  the  degree  of  moisture  saturation  in  the  thawed 
state  increase  of  the  porosity  from  0.35  to  0.50  leads  to  a decrease,  and 
its  further  increase  to  0.65  has  practically  no  effect  on  the  value  of  tx. 

That  dependence  can  be  expressed  with  the  equation 

at  0,00607  — 0,01G3/i  l 0 ,0 1 40/j-  {mt/hoc).  (6.7.9) 

In  the  frozen  state  (Figure  68)  the  dependence  of  the  coefficient  of  tem- 
perature conductivity  on  the  porosity  of  loam  is  different  for  the  degrees 
of  moisture  saturation  of  0.6  and  0.9.  Thus,  at  q equal  to  0.6  « increases 
with  increase  of  n from  0.35  to  0.48  and  from  then  on  remains  almost  unchanged. 
At  q - 0.9,  o<  is  practically  independent  of  the  porosity,  but  the  scattering 
of  values  reaches  20%. 

Such  dependences  evidently  can  be  explained  by  the  fact  that  in  the  process 
of  heat  transfer  ice  has  an  essential  role.  At  q - 0.6  the  replacement  of 
a portion  of  the  ground  by  ice  Increases  the  "monolithic  character"  of  the 
system  in  the  sense  of  heat  transfer  and,  as  a result.  Increases  the  conduc- 
tivity. At  q * 0.9  all  the  pores  must  be  filled  by  ice  and  the  replacement 
of  part  of  the  ground  by  ice  has  no  effect  on  the  "monolithic  character"  of 
the  system  or,  consequently,  on  the  conductivity.  In  the  frozen  state  the 
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Figure  68.  Dependence  of  the  coefficient  of  temperature 
conductivity  of  loams  on  the  porosity  in  thawed  (a)  and 
frozen  (b)  states  at  values  of  q of  0.6  (1)  and  0.9  (2). 
1 - ex',  m /hr 


Figure  69.  Dependence  of  the  coefficient  of  thermal  con- 
ductivity on  q in  thawed  (a)  and  frozen  (b)  states:  1 - 
kaolin;  2 - heavy  loam;  3 - medium  loam;  4 - average  value 
of  X for  kaolin  and  loams;  5 - quartz  sand,  0.1-0.25  mm 
fractions;  6 - quartz  sand,  0.25-0.50  mm  fractions;  7 - 
silty  sand.  a - (X  , kcal/(m) (hr)  (degree) 

dependence  of  the  coefficient  of  temperature  conductivity  on  porosity  at  a 
degree  of  moisture  saturation  of  0.6  is  described  by  the  equation 

qm  — 0,007 >17  0,03Gurt  • 0,0349«:,  (m-/ucic),  (6.7.10) 

and  at  a degree  of  moisture  saturation  of  0.9,  as  has  already  been  noted, 
does  not  depend  on  the  porosity. 
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/The  coefficient  of  thermal  conductivity  (A)/.  The  coefficient  of  thermal 
conductivity  is  calculated  with  the  correlation' 


(6.7.11, 


in  which  the  experimental  values  of  the  coefficient  of  temperature  conduc- 
tivity, the  specific  heat  and  the  specific  weight  of  the  soils  are  substituted. 
It  is  quite  natural  that  the  character  of  the  change  of  the  coefficient  of 
thermal  conductivity  reminds  one  to  a great  extent  of  similar  regularities 
obtained  for  the  coefficient  of  temperature  conductivity. 

The  dependence  of  A on  the  degree  of  moisture  saturation  (q)  of  soils.  In 
loams  and  clays  the  dependence  of  X on  q at  a single  value  of  the  porosity 
is  presented  for  all  four  investigated  soils  on  Figure  69.  In  the  thawed 
state  (Figure  69a)  X increases  almost  linearly  to  the  value  q = 0.8,  and  then 
saturation  sets  in.  The  curves  for  the  soils  under  consideration  are  rather 
elose  together  and  they  can  be  expressed  by  a common  dependence  with  an  error 
of  +10%: 

?.T  0.111  2.16(7 — l,04<7?  (KKCulM-epad-‘iac).  (6.7.121 

In  the  frozen  state  (Figure  69b)  the  divergence  between  curves  for  different 
soils  is  more  considerable,  although  the  general  tendency  for  A to  increase 
with  increase  of  q is  preserved.  Averaged  curves  of  loams  with  an  accuracy 
of  about  20%  are  presented  on  Figure  69.  An  averaged  ourve  for  frozen  loam 
represents  a monotonic  increase  of  X with  increase  of  q,  the  equation  for  which 
has  the  form 

).H  0,183 -j  l, 06(7  — 0.209^  (KKu.ilM-ei>ad->uic).  (6.7. M) 

The  coefficient  of  thermal  conductivity  of  investigated  sands  (Figure  69) 
increases  with  increase  of  q.  As  has  already  been  noted  for  , a very  large 
change  of  X occurs  in  the  region  of  values  of  q from  0 to  0.1.  On  that  sec- 
tion increases  6 times,  and  upon  further  change  of  q,  X increases,  and  in 
the  region  of  q “ 0. 8-1.0  the  rate  of  growth  of  X is  slowed  down  in  both  the 
thawed  and  frozen  states.  The  scattering  of  values  of  X for  different  sands 
in  the  frozen  state  is  larger  than  in  the  thawed.  The  values  of  X in  terms 
of  q can  be  expressed  with  an  accuracy  of  +25%  with  a similar  dependence: 


1 .32 
1 .38 


1 ,05 /, 
1 ,05(/. 


(ii  7. hi 
(6.7. 1 >i 


/The  dependence  of  X on  the  temperature  of  the  ground/.  In  loams  and  clays 
when  the  temperature  is  reduced  from  -20  to  -120  C the  value  of  X remains 
practically  unchanged,  as  was  noted  early  for  t*  (Figure  70).  In  sands,  lower- 
ing the  temperature  causes  a different  change  of  X , repeating  the  above-noted 
distinctive  features  in  the  change  of  X . 

/The  dependence  of  A on  the  porosity/,  as  noted  above,  has  been  determined 
only  for  loams.  The  results  are  presented  on  Figure  71.  In  the  thawed  state 
a decrease  of  X has  been  obtained  with  increase  of  the  porosity,  similar  to 
that  existing  in  the  literature  (Chudnovskly , 1962). 


n 


Figure  70.  Dependence  of  the  coef- 
ficient of  thermal  conductivity  of 
kaolin  (a)  and  heavy  loam  (b)  on  q 
and  temperature:  1 - from  -20  to 
-40°;  2 - from  -40  to  -60°;  3 - 
from  -60  to  -80°;  4 - from  -20  to 
-80  (average  value). 

1 - X,  kcal/(m)  (hr)  (degree) 
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Figure  71.  Dependence  of  the  coefficient  of  thermal  con- 
ductivity of  loams  on  the  porosity,  in  the  thawed  (a)  and 
frozen  (b)  states  at  values  of  q of  0.6  (l)  and  0.9  (2). 
a - X,  kcal/(m) (hr) (degree) 

In  the  frozen  state  (Figure  7lb),  as  has  already  been  noted  for  (X"  , the  de- 
pendende  of  X at  q - 0.6  and  0.9  is  different.  In  the  former  case  X increases 
with  Increase  of  the  porosity,  and  in  the  latter  it  remains  practically  con- 
stant. 

/Change  of  * and  X during  the  transition  of  soils  from  the  thawed  to  the 
frozen  state/.  The  transition  of  soil  from  the  thawed  to  the  frozen  state 
substantially  changes  the  coefficients  of  thermal  and  temperature  conducti- 
vity. The  thermophysical  characteristics  are  practically  equalized  at  +10 
and  -20  C.  The  interval  of  intensive  phase  transitions  of  water  into  ice  is 
not  considered. 

For  all  the  Investigated  soils  the  correlation  between  the  indicated  coeffi- 
cients in  the  thawed  and  frozen  states  depends  on  the  degree  of  moisture 
saturation.  The  experimentally  determined  coefficients  of  thermal  and 
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temperature  conductivity  of  thawed  and  frozen  dry  soils  practically  coincide, 
but  it  must  be  noted  that  in  the  frozen  state  they  are  steadily  lower  than  in 
the  thawed.  However,  with  increase  of  the  moisture  content  and,  consequently, 
also  of  the  degree  of  moisture  saturation,  they  increase  according  to  differ- 
ent laws,  and  on  some  sections  more  rapidly  in  the  frozen  than  in  the  thawed 
state,  and  as  a result  the  curves  intersect. 

The  coef f ic ients  of  temperature  conductivity  in  the  thawed  and  frozen  states 
differ  far  more  than  the  coefficient  of  thermal  conductivity.  The  change  of 
the  form  of  dependence  of  (X  on  q during  the  transition  from  the  thawed  to  the 
frozen  state  is  sharply  expressed  in  loams  (Figure  72),  and  the  intersection 
of  curves,  accompanied  by  a sharp  increase  of  C*  in  frozen  soils,  occurs  at  dif- 
ferent values  of  q;  thus,  in  kaolin  this  is  observed  at  q - 0.2,  in  medium 
loam  at  - 0.5,  and  in  heavy  loams  at  0.6-0. 7.  In  sands  the  described  curves 
intersect  in  the  region  of  values  of  q from  0 to  0.1  and  the  observed  depen- 
dence reminds  one  somewhat  of  kaolin  in  the  region  q = 0.7-0. 9. 

However,  in  the  transition  from  the  thawed  to  the  frozen  states  U in  sands 
increases  more  than  in  loams  and  the  difference  increases  with  increase  of  q. 
Evidently  the  amount  of  unfrozen  water  in  the  ground  has  a strong  influence 
on  change  of  the  form  of  the  dependence  of  the  coefficient  of  temperature  con- 
ductivity on  the  degree  of  moisture  saturation.  This  can  be  explained  by  the 
fact  that  only  upon  increase  of  the  moisture  content  above  w will  a portion 
of  the  water  change  into  ice  and  the  conditions  appear  for  change  of  the  form 
of  the  dependence  of  the  thermophys ica 1 characteristics  on  the  degree  of  mois- 
ture saturation.  In  fact,  as  is  evident  from  the  curves  of  the  dependence 
of  the  quantity  of  unfrozen  water  on  temperature  presented  on  Figure  73,  at 
-20  C in  heavy  loams  its  content  is  6.5%,  in  medium  loams  4%,  in  kaolin  it 
is  not  detected  at  all,  and  in  sands  according  to  calorimetric  measurements 
there  is  none  even  at  -0.5  C.  The  total  dependence  for  loams  and  clays  is 
presented  on  Figure  74. 

The  coefficients  of  thermal  conductivity  in  the  thawed  and  frozen  states  are 
very  similar  in  value.  It  should  be  noted,  however,  that  at  small  degrees 
of  moisture  saturation  the  coefficient  of  thermal  conductivity  in  the  thawed 
state  is  higher  than  in  the  frozen,  and  when  there  is  complete  moisture  satur- 
ation, the  reverse.  In  sands  the  curves  of  \ in  the  frozen  and  thawed  states 
intersect  at  q < 0.1,  and  therefore  in  the  entire  investigated  range  /i  > A , 
although  their  values  are  very  similar.  t 

In  loams  and  clays  the  curves  of  the  dependence  of  \ in  the  thawed  and  frozen 
states  intersect  at  different  degrees  of  moisture  saturation,  but  always  at 
larger  values  than  in  5*  . All  investigated  loams  and  kaolins  can  be  put  in 
a series  by  order  of  increase  of  moisture  saturation  in  which  the  curves  of 
X and  (X  intersect  in  the  thawed  and  frozen  states  (see  Figure  72). 

The  curves  of  the  coefficients  of  temperature  conductivity  of  loams  and  clays 
In  the  thawed  and  frozen  states  Intersect  at  q S'  0.5-0. 6,  which  corresponds 
approximately  to  the  maximal  molecular  moisture  capacity,  and  the  curves  of 
the  coefficient  of  thermal  conductivity  intersect  at  q ^ 0.8,  which  is  close 
to  the  lower  limit  of  plasticity.  At  a moisture  content  smaller  than  the 
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Figure  72.  Dppendence  of  the  coefficient  of  tenperature 
conductivity  (a)  and  thermal  conductivity  (b)  on  q in  the 
thawed  (finellines)  and  frozen  states'll  - kaolin;  2 - 
heavy  loam;  3 - medium  loam,  a - , m /hr  b - X,  kcal/ 

(m) (hr) (degree) 


Figure  73.  Dependence  of  w on  tem- 
perature: 1 - kaolin;  2 - nledlum  loam; 
3 - heavy  loam. 


Figure  74.  Averaged  coefficients 
of  temperature  and  thermal  conduc 
tivity  of  loams  (l)  and  sands  (2) 
on  q in  the  frozen  (solid  lines) 
and  solid  states.  a - oC , m^/hr 
b - A,  kca 1 / (m) (hr ) (degree ) 


maximal  molecular  moisture  capacity  DC  is  smaller  in  the  frozen  than  in  the 
thawed,  and  at  larger  moisture  contents,  on  the  contrary,  is  larger  in  the 
frozen  than  in  the  thawed  state. 

At  moisture  contents  below  the  lower  limit  of  plasticity  A is  smaller  in  the 
frozen  than  the  thawed  state,  and  at  larger  moisture  contents  larger  in  the 


265 


frozen  than  the  thawed  state.  The  divergence  between  A and  A does  not  ex- 
ceed 20%,  and  the  coefficient  of  temperature  conduct iv i£y- near  total  moisture 
saturation  in  the  frozen  state  exceeds  the  corresponding  values  in  the  thawed 
state  by  30-50%,  and  for  kaolin  by  up  to  100%. 


In  sands  at  a degree  of  moisture  saturation  q > 0.1  the  coefficients  of  ther- 
mal and  temperature  conductivity  in  the  frozen  state  are  larger  than  in  the 
thawed.  However,  if  o<  of  frozen  sand  is  30-100%  larger  than  that  of  thawed, 
then  A differs  by  no  more  than  20%,  and  in  some  cases  practically  coincides 
(as,  for  example,  for  quartz  sands). 


/The  influence  of  organic  residues  on  A and  y /.  The  influence  of  peat  for- 
mation on  the  thermophysical  characteristics  of  soils  has  been  investigated 
by  A.  A.  Konovalov  and  L.  T.  Roman  (1969).  For  the  characteristics  of  peat- 
ized  soils,  besides  the  ordinary  physical  properties,  they  introduced  the 
degree  of  peat  formation  K , which  represents  the  weight  ratio  of  the  peat 
and  mineral  components  per-unit  of  volume.  The  variety  of  composition  of 
peatized  soils  did  not  permit  finding  a simple  indicator  of  the  physical 
properties  of  the  ground  determining  its  thermophysical  characteristics. 
However,  for  peatized  soils,  the  moisture  content  of  which  fluctuates  very 
greatly  and  is  close  to  the  absolute  moisture  capacity,  a dependence  of  Aon 
K has  been  establ is 
P 
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The  dependences  presented  above  are  depicted  on  Figure  75,  from  which  it  is 
evident  that  \ decreases  with  increase  of  the  peat  formation  and  at  K = 
0.6-0. 7 is  practically  equal  to  the  A of  peat.  In  the  laboratory  of  ^ the 
Department  of  Geocryology  it  has  been  established  that  samples  containing 
organic  residues  have  coefficients  of  thermal  and  temperature  conductivity 
more  steadily  lower  than  those  obtained  fr>r  mineral  soils  of  the  same  type. 
Data  of  various  authors  on  thermal  conductivity  in  thawed  and  frozen  ground 
are  presented  in  conclusion  in  Table  38. 
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Figure  75.  Dependence  of  the  coef- 
ficient of  thermal  conductivity  of 
loams  (1)  and  sands  (2)  on  the  de- 
gree of  peat  formation  in  the  thawed 
(fine  lines)  and  frozen  states  (acc. 
to  L.  G.  Roman  and  L.  A.  Konovalov, 
1969).  a - X,  kca 1/ (m) (hr ) (degree ) 
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Figure  76.  Dependence  of  the  poros- 
ity (a)  and  absolute  moisture  capa- 
city (b)  on  the  specific  weight  of 
the  skeleton  of  clays  (1)  and  sands 

(D.  1 - f.k,  g/ciP 


Table  38.  Data  on  thermal  conductivity  of  frozen  and  thawed  rocks  (kcal/ 
(m) (hr ) (degree) 
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0.20 
0,46 
0,71 
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Table  38  (Continued) 

A - Degree  of  moisture  saturation  B - of  thawed  rocks  C - of  frozen 
rocks  1 - Clays  and  sandy  loams  2 - Sandy  loams  and  fine  sands  3 - Peat* 

Notes:  1 - Data  of  SNIP  and  V.  P.  Ushkalov,  processed  by  L.  T.  Roman  and  A. 

A.  Konovalov  (1969);  2 - Calculated  with  correlations  of  M.  S.  Kersten 
(1955);  3 - Data  of  laboratory  of  the  Department  of  Geocrydiogy;  4 - 

Calculated  with  correlations  proposed  by  N.  S.  Ivanov  and  R.  I.  Gavril’- 
yev  (1965).  *The  data  of  L.  T.  Roman  and  A.  A.  Konovalov  (1959)  have 
been  presented  for  peat. 


Calculation  of  Some  Thermophysical  Characteristics  of  Sands  and  Loams  (Example  29) 

1.  Determine  the  degree  of  moisture  saturation  q if  the  moisture  content  and 
specific  weight  of  the  ground  are  known.  This  can  be  done  in  two  ways: 


(6.7.20) 


a)  calculate  with  the  correlation 

q YoO  ' Yya  • ■ 0 .01 

Yya<»  0.0!)  w 

b)  first,  calculate  K u and  then  find  on  the  diagram  of  Figure  76 

a 

q = 


sk  vol/ 

the  value  of  the  absolute  moisture  capacity  w and  calculate  q: 


For  example,  we  have  loam  wit^  a moisture  content  of  20%  by  weight  and  a spe- 
cific weight  i m 1.70  g/cni  . We  find  its  degree  of  moisture  saturation  and 
then  the  thermophysical  characteristics: 


3 

a)  if  the  specific  weight  of  the  skeleton  of  loam  X = 2.71  g/cm  , then 
with  (6.7.20)  we  find  that  the  degree  of  moisture  saturation  is 

1 .7  • 2*.  7 1 ■ 0 01  20  „ c 

q — U b; 

2,71  (1  -f  0,2)  1.70 


b)  first  we  calculate 


1,10  c,  CM3. 


1 .70 

I — 0,2 

Then  with  Figure  76  we  find  that  for  » • 1.40  g/cm'  the  absolute  moisture 

1 . A O O A • . 1 5*^ 

capacity  w 
- 0.61.  3 


0.33.  Consequently  the  Segree  of  moisture  saturation  q = 20/33 


Thus  the  values  of  the  degree  of  moisture  saturation,  calculated  in  two  ways, 
are  very  similar. 

2.  Determine  the  specific  heat  also  in  two  ways: 

a)  calculate  it  with  correlations  (6.7.3)  and  (6.7.4); 

b)  find  it  on  the  diagram  (Figure  63).  However,  in  the  frozen  state  the 
specific  heat  will  be  somewhat  understated,  since  the  diagrams  were  construc- 
ted without  consideration  of  the  amount  of  unfrozen  water. 

An  example  of  calculation  for  the  same  loam  at  wyn  “ 0. 
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a)  r 0.19  l'  20 

'r  120 


0,325  K(7? !e-?pad, 


0 19  i o 0,5.20  0 235  Ka«,e.3l.ad, 

120 


b)  from  the  diagram  (see  Figure  63)  we  have  C = 0.33  ca 1/ (g)  (degree)  and 
C = 0.24  cal/ (g)(degree). 

3.  The  coefficient  of  temperature  conductivity  (»0  can  be  determined  in  two 
ways : 

a)  calculate  for  sands  with  formulas  (6.7.9)  and  (6.7.8)  and  for  loams  and 
clays  with  formulas  (6.7.5)  and  (6.7.6); 

b)  with  the  diagram  (see  Figure  74)  we  find  the  values. 

For  example,  we  findX'  for  loam: 

a)  we  obtain  with  the  indicated  formulas 

ar  0.00187  M 0,00201  m-Iwc\ 

b)  with  the  diagram  (see  Figure  74)  we  obtain 

ar  0,00190  m2I‘uic,  au  0,00205  m-/hcic. 

4.  The  coefficients  of  thermal  conductivity  can  be  obtained  by  any  of  three 
methods : 

a)  calculate  through  the  degree  of  moisture  saturation  with  formulas  (6.7.14) 
and  (6.7.15)  for  sands  and  formulas  (6.7.12)  and  (6.7.13)  for  loams  and 
clays; 

b)  find  on  the  diagram  (see  Figure  74); 

c)  calculate  with  correlation  (6.7.11)  if  X , C and  Y are  known.  For  example, 
we  calculate  A for  the  above-indicated  loam: 

a)  with  the  indicated  formulas  at  q * 0.6 

y.j  1,06  KKaA/M-epad-tac,  ).v  — 0,894  KKa.ilM-epad-Hac\ 

b)  with  the  diagram  (see  Figure  74)  we  obtain 

at  1,06  KKa.ilM  epad  nac,  am  = 0,90  KKU.i/M  epad-Hac, 

c)  with  formula  (6.7.11) 

Xr  0,00187  • 0,325  ■ 0,700  1,03  KKa.ilM-epad  nac, 

K 0,00201  • 0,2-10  • 1700  0,819  KKaA/M  epad  tac. 

It  is  evident  from  the  presented  examples  that  the  coincidence  of  the  thermo- 
physical  characteristics  calculated  by  different  methods  is  practically  com- 
plete. 
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The  somewhat  lower  value  of  X obtained  by  the  three  methods  is  explained 
by  the  fact  that  the  amount  of  unfrozen  water  was  not  taken  into  account  in 
calculating  Cf. 

8.  Regularities  of  the  Change  of  Mechanical  Properties  of  Frozen  Dispersed 
Roc  ks 

The  distinctive  features  of  the  mechanical  properties  of  frozen  rocks  and  the 
difference  of  their  transparency  and  def orroat iona 1 characteristics  from  un- 
frozen rocks  are  connected  with  the  formation  of  ice  and  the  cryogenic  struc- 
ture. 

The  formation  in  frozen  soils  of  ice-cementation  bonds  leads  to  increase  of 
their  strength  and  reduction  of  their  def ormab i 1 ity  and  impermeability  and 
contributes  to  an  intensive  development  of  rheological  processes  (creep, 
relaxation,  and  reduction  of  strength  under  the  long  effect  of  load). 

The  mechanical  properties  of  frozen  dispersed  rocks  are  mainly  determined 
by  the  character  of  the  structural  connections  and  the  forces  of  interaction 
between  structural  elements  (particles  of  the  skeleton,  aggregates  of  them, 
ice  inclusions,  etc)  and  also  the  strength  and  def ormat iona 1 properties  of 
particles  of  ice  and  unfrozen  water;  the  mechanical  properties  of  the  skeleton 
particles  in  most  cases  are  of  minor  importance. 

The  structural  connections  in  soils  can  have  a chemical,  molecular  or  ion- 
electrostatic  nature  and  are  formed  as  a result  of  physicomechanida 1 and 
physicochemical  processes  developing  in  the  course  of  the  history  of  develop- 
ment of  the  rock.  In  that  case,  in  frozen  rocks  a considerable  role  belongs 
to  cryol ithogenes  is,  connected  with  which  is  the  formation  of  ice,  of  the 
cryogenic  structure,  and  of  the  ice-cementation  and  other  cryogenic  bonds. 

The  character  of  the  structural  connections  of  frozen  rocks  is  stipulated 
above  all  by  their  compos  it  ion  and  structure.  At  the  same  time  a great  in- 
fluence is  exerted  by  the  temperature,  which  is  very  variable  and  is  controlled 
by  the  characteristics  of  the  frozen  rocks.  In  connection  with  that  the  fore- 
casting of  the  mechanical  properties  of  frozen  rocks  can  be  constructed  on  the 
basis  of  the  dependence  of  those  properties  on  the  composition,  structure  and 
temperature. 

The  composition  of  frozen  rocks  on  the  whole  is  characterized  by  the  compo- 
sition of  each  of  the  main  components  (the  skeleton,  ice,  unfrozen  water  and 
gases)  and  their  quantitative  relation. 

Ihdicators  of  the  latter  can  be  the  total  moisture  content,  the  ice  content, 
the  moisture  content  due  to  unfrozen  water,  the  porosity,  the  specific  gravity, 
the  degree,  of  moisture  saturation  and  other  characteristics.  It  must  be  noted 
that  in  forecasting  the  mechanical  properties  of  frozen  rocks  those  character- 
istics must  be  given  in  a definite  complex  which  can  assure  determination  of 
a definite  correlation  of  all  the  principal  components,  and  not  only  of  some 
of  them.  Direct  and  more  graphic  indicators  of  that  correlation  are  the 
relative  content  of  each  component  --  the  skeleton,  ice,  unfrozen  water  and 
gases. 


In  examining  the  dependence  of  the  mechanical  properties  of  frozen  soils  on 
their  composition,  structure  and  temperature,  it  is  necessary  to  take  their 
interconnection  into  consideration.  In  addition,  it  should  be  borne  in  mind 
that  frozen  dispersed  rocks  are  characterized  by  intensive  development  of 
rheological  processes.  Therefore  the  influence  of  a given  indicator  (disper- 
sion, moisture  content,  cryogenic  texture,  etc)  as  a function  of  the  compo- 
sition, structure  and  temperature  of  the  frozen  ground,  and  also  of  the  time 
of  effect  of  the  load,  can  be  different.  The  influence  of  the  dispersion  and 
the  total  moisture  content  is  illuminated  in  very  great  detail  by  the  avail- 
able materials. 


1.  The  Dependence  of  the  Mechanical  properties  of  Frozen  Grounds  on  Their 
D ispers ion 


Figure  77.  Dependence  of  the  modulus  of 
normal  elasticity  E of  frozen  rocks  on 
the  temperature  t.  Uniaxial  compression, 
O'  - 2 kg/cm  ; 1 - sand,  w “ 22%;  2 - 
sandy  loam,  w - 23%;  3 - clay,  y - 29% 
(acc.  to  N.  A.  Tsytovich,  1937). 

1-6,  10-4,  kg/cm 


Figure  78.  Dependence  of  the  total 
deformation  6 of  frozen  rocks  on  the 
load  O'  at  different  moments  of  time. 
Uniaxial  compression:  t = -5°,  w ■ 

= 26%;  1 - sandy  loam,  2 - loam,  3 - 
clay,  a - T“  240  hrs;  b - X “ 

1440  hear  1 - O',  kg/ cm 


The  experimental  data  characterizing  the  behavior  of  frozen  soils  of  different 
dispersion  under  the  effect  of  external  loads  are  rather  numerous.  However, 
far  from  all  of  them  can  be  used  to  examine  the  influence  of  the  granulometric 
composition,  since  other  parameters  connected  with  dispersion  often  intensify 
or  weaken  that  influence.  For  example,  in  comparison  with  sands,  in  many  cases 
clayey  grounds  have  a high  moisture  content,  with  which  various  cryogenic  tex- 
tures of  those  rocks  can  also  be  connected. 


The  dispersion  of  frozen  rocks  has  a substantial  influence  on  the  development 
of  elastic  and  plastic  deformations. 

As  follows  from  Figure  77,  when  the  values  of  the  moisture  content  are  simi- 
lar and  the  temperatures  are  equal  the  modulus  of  normal  elasticity  E dimin- 
ishes noticeably  in  the  transition  from  sand  to  clay.  This  indicates  that 
with  growth  of  dispersion  the  intensity  of  development  of  elastic  deformations 
of  frozen  grounds  increases,  and  the  resistance  to  compression  is  correspond- 
ingly reduced  under  the  "Instantaneous"  effect  of  the  load.  An  analogous  de- 
pendence is  also  noted  for  plastic  deformations.  The  data  presented  on  Figure 
78  (constructed  on  the  basis  of  results  of  creep  tests)  and  in  Table  39  show 
that  in  all  cases,  with  growth  of  dispersion  an  increase  in  the  Intensity  of 
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Table  39  The  moduli  of  total  deformation  of  frozen  soils  of  different 
dispersity  (degree  of  moisture  saturation,  q ~ 1;  t = -2.2°) 
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the  development  of  deformation  (t)  is  observed;  correspondingly  the  modulus 
of  total  deformation,  characterizing  the  resistance  of  frozen  soils  to  the 
effect  of  load,  diminishes. 

The  degree  of  influence  of  dispersity  on  the  deformat iona 1 properties  of  the 
frozen  soils,  the  available  materials  show,  depends  on  the  temperature  and 
is  intensified  when  it  is  lowered.  When  there  is  a structural  coupling  in 
the  frozen  ground  the  influence  of  dispersity  is  manifested  to  a lesser  de- 
gree and  in  a number  of  cases  greater  resistance  can  be  noted  in  the  case  of 
more  clayey  soils.  For  example,  comparison  of  the  (T- 1 curves  for  sandy  loams 
and  clay  (when  the  moisture  content  values  are  similar)  (see  Figure  90)  shows 


that  at  t = -5  clay,  with  structural 
sandy  loam. 


coupling,  exerts  more  resistance  than 


Figure  79.  Influence  of  dispersity 
on  the  coefficient  of  viscosity 
of  frozen  rocks.  Uniaxial  compress- 
ion: t - -20  (a)  and  -5°  (b);  1 - 
sandy  loam;  2 - clay  ^ 

A - lg  , pause  B - o',  kg/cm 


The  influence  of  dispersity  on  the  deformat iona 1 properties  of  frozen  soils 
is  also  well  illustrated  by  data  on  viscosity  (Figure  79).  As  is  evident 
from  Figure  79,  the  coefficient  of  effective  viscosity  tj  of  frozen  rocks, 
which  characterizes  the  resistance  in  the  stage  of  steady  creep  (during  fl6w 
at  a constant  rate),  decreases  with  increase  of  dispersity.  For  example,  at 
t “ -20  and  (T  - 55  kg/cm  for  clay,  "Y\_  is  1000  t lams  smaller  than  for  sandy 
loam.  The  noted  difference  depends  on  the  temperature  of  the  frozen  rocks, 
decreasing  when  it  rises* 

The  examined  data,  which  testify  to  a reduction  of  the  resistance  of  frozen 
rocks  to  loads  with  increase  of  dispersity,  other  conditions  being  equal, 
can  be  explained  mainly  by  change  of  tie  ratio  of  the  unfrozen  water  and  ice. 
Side  by  side  with  that,  the  form  of  the  elementary  particles  and  their  ag- 
gregates, and  also  distinctive  features  of  the  microstructure,  have  an  influ- 


As  noted  above,  the  mechanical  properties  of  frozen  rock  are  determined 
mainly  by  the  forces  of  interaction  between  structural  elements  and  also  by 
the  resistance  of  the  ice  itself  and  the  unfrozen  water.  Particles  of  the 
skeleton  of  the  ground  interact  with  one  another  and  with  ice  inclusions  both 
directly  and  through  films  of  unfrozen  water  which  reduces  the  force  of  the 
structural  bonds.  In  more  disperse  frozen  rocks  the  film  of  water  has  a great- 
er development  (in  length  and  thickness)  and  therefore  the  number  and  area  of 
contacts  between  the  structural  elements  with  its  participation  increase,  and 
the  forces  of  interaction  decrease  with  each  contact;  in  addition,  decrease 
of  the  ice  content  of  the  rock  leads  to  reduction  of  the  role  of  mechanical 
properties  of  the  ice  in  the  formation  of  resistance  of  the  frozen  rock  as  a 
whole. 

The  above-noted  increase  in  the  influence  of  dispersity  on  the  def ormat iona 1 
properties  of  frozen  rocks  with  reduction  of  their  temperature  can  be  explained 
by  reduction  of  the  leveling  role  of  the  unfrozen  water  and  intensification  of 
the  role  of  ice. 

The  strength  of  frozen  rocks  also  depends  substantially  on  their  granulo- 
metric cgmpos it  ion.  As  experimental  data  show,  in  the  temperature  range  from 
0 to  -20  with  increase  of  the  dispersity  at  similar  values  of  the  moisture 
content  the  strength  of  frozen  soils  in  most  cases  decreases  regardless  of  the 
type  of  deformation  and  the  time  of  effect  of  the  load.  In  the  temperature 
range  close  to  0°  this  is  well  illustrated  by  the  data  of  Table  40  (t  = -2.2°), 
from  which  it  follows  that  reduction  of  the  strength  of  frozen  soils  with  in- 
crease of  their  dispersity  is  manifested  to  a very  great  degree  under  the 
"instantaneous"  effect  of  the  load,  and  in  time  the  influence  of  the  disper- 
sity diminishes. 

Table  40  Strength  of  frozen  soils  during  uniaxial  compression  <T 
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The  influence  of  the  granulometric  composition  on  the  long-term  strength  can 
be  observed  at  any  time  of  effect  of  the  load,  ending  with  the  long-term 
strength.  Thus,  according  to  the  data  of  S.  S.  Vyalov  (1959)  the  long-term 
strength  during  pressing  with  a spherical  stamp  (equivalent  to  coupling)  at 
t “ -3  is  characterized  by  the  following  values  (kg/cm  ):  2.3  for  sand, 

1.0  for  sandy  loam,  and  0.6  for  loam. 
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Figure  80.  Curves  of  the  long-term 
strength  of  frozen  sandy  loam  (a) 
and  clay  (b)  during  uniaxial  compress- 
ion: l - t = -20°;  2 -2t  - -10°;  3 - 
t “ -5°.  a - (T,  kg/cm  ; b - T,  hrs 


Figure  81.  Dependence  of  the  tempor- 
ary strength  of  frozen  rocks  during 

uniaxial  compression  cT  on  the 
r com 

moisture  content  (q  = 0. 8-1.0):  1 - 
sand;  2 - loam;  3 - clay;  4 - ice; 
a -Q- 55°;  b - -40°;  c -2-20°;  d - 

-10  * A - °com’  kg/c,n 


Figure  82.  Dependence  of  the  tempor- 
ary tensile  strength  of  frozen  sand 
(1)  and  sandy  loam  (2)  O'  on  the 
moisture  content  w and  tne  degree  of 
moisture  saturation  q on  w (b). 
a - o’t>  kg/cm 
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Figure  83.  Dependence  of  the  tempor- 
ary tensile  strength  of  frozen  rocks 
O'  on  the  temperature  t at  various 
moisture  contents:  1 - sand,  - 
loam,  3 - ice.  a - <r  , kg/cm' 
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It  should  be  borne  in  mind,  however,  that  during  the  prolonged  effect  of  load 
the  more  dispersed  frozen  soils  can  become  stronger  (Table  40). 


The  above-noted  reduction  of  resistance  to  uniaxial  compression  (rr  ) of 
frozen  rocks  with  growth  of  their  dispersity  and  intensification  o?°?hat  de- 
pendence with  decrease  of  the  length  of  effect  of  load  in  the  range  of  low 
ten^eratures  from  -10  to  -55  is  manifested  still  more  distinctly  (Figures 
80  and  81).  In  that  case  the  influence  of  dispersity  is  intensified  with 
reduction  of  the  temperature. 

The  results  of  determinations  of  the  temporary  textile  strength  of  frozen  soils 
(Figures  82  and  83)  show  that  a reduction  of  rt"  with  increase  of  dispersity 
is  noted  in  a narrower  range  of  temperatures  t (down  to  -25  to  -35°),  at 

still  lower  values  of  t the  loam  becomes  stronger  than  sand. 

The  influence  of  the  granulometric  composition  on  the  strength  of  frozen  rocks, 
just  as  on  their  def ormat iona 1 properties,  is  caused  to  a considerable  degree 
by  change  of  the  phase  composition  of  the  water.  The  reduction  of  strength  of 
frozen  rocks  with  increase  of  dispersity,  noted  other  conditions  being  equal, 
and  the  intensification  of  the  influence  of  dispersity  with  lowering  of  the 
temperature  in  the  range  from  0 to  -20  can  be  explained  in  the  same  manner 
as  similar  dependences  for  deformational  properties. 

The  reduction  of  the  degree  of  influence  of  dispersity  on  the  strength  of 
frozen  rocks  during  the  long  effect  of  load  is  connected  with  the  rheological 
properties  of  the  ice,  the  strengthening  role  of  which  diminishes  in  the  course 
of  time.  In  connection  with  that,  the  decrease  of  strength  of  frozen  soils 
with  increase  of  their  dispersity,  observed  during  the  brief  effect  of  load, 
gradually  decreasing  in  time,  can  be  replaced  by  the  reverse  dependence. 

At  lower  temperatures,  (down  to  -55°)  the  change  of  the  phase  composition  of 
water  in  frozen  grounds  is  also  the  principal  reason  for  decrease,  with  in- 
crease^ dispers ity , of  the  temporary  strength  of  those  soils  during  uniaxial 
compression  anu  intensification  of  the  indicated  dependence  with  reduction  of 
temperature.  The  analogous  dependence  of  the  tensile  strength  of  frozen  soils 
on  dispersity  above  -25  to  -35  (sand  is  stronger  than  loam)  can  be  explained 
mainly  by  the  phase  composition  of  water.  The  qualitative  change  of  that 
dependence  (sand  becomes  weaker  than  loam)  at  lower  temperatures  (down  to 
-60  ) evidently  is  connected  with  distinctive  features  of  the  microstructure 
of  frozen  rocks  with  different  dlsperity. 

The  decrease  of  the  influence  of  dispersity  on  the  strength  of  frozen  soils 
with  Increase  of  their  moisture  content,  noted  for  the  temporary  resistance 
to  uniaxial  compression  in  a wide  temperature  range,  is  caused  by  intensifi- 
cation of  the  role  of  ice,  which  is  reduced  to  weakening  of  the  interaction 
between  soil  particles  and  to  leveling  of  the  wedging  effect  of  films  of  un- 
frozen water. 

2.  Dependence  of  the  Mechanical  Properties  of  Frozen  Soils  on  Their 
Moisture  Content 

The  interconnection  of  the  principal  indicators  of  compos  it  ion  (dispersity, 
moisture  content,  the  degree  of  moisture  saturation,  etc)  and  temperature  can 
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be  clearly  traced  also  in  examining  the  dependence  of  the  mechanical  properties 
of  frozen  dispersed  rocks  on  the  total  moisture  content  w. 

The  dependence  of  the  strength  of  frozen  soils  on  the  moisture  content  at  t 
down  to  -12  was  examined  in  very  great  detail  in  the  works  of  N.  A.  Tsytovich 
(1937)  and  at  t down  to  -60°  by  Ye.  P.  Shusherina  et  al  (1969,  1970). 

In  studying  the  influence  of  w on  the  strength  of  frozen  dispersed  rocks  it 
is  necessary  to  take  into  account  above  all  the  degree  of  their  moisture  satur- 
ation and  also  the  fact  that  the  change  of  w can  occur  during  constant  and 
variable  porosity.  The  conditions  of  change  of  the  moisture  content  w have 
a substantial  influence  on  the  character  of  the  dependence  of  the  strength  of 
the  frozen  rocks  on  it. 

The  increase  of  the  total  moisture  content  w of  frozen  rocks  under  conditions 
of  practically  constant  porosity  n and  correspondingly  increasing  degree  of 
moisture  saturation  q in  all  cases,  regardless  of  the  dispersity  of  the  rock, 
ten^erature  and  type  of  deformation,  causes  increase  of  strength  (Figures  82 
and  84).  This  is  connected  mainly  with  intensification  of  the  cementing  ef- 
fect of  ice  as  a result  of  Increase  of  the  volume  of  the  ice  of  conclusions, 
ans  also  increase  of  the  area  of  contacts  between  particles  of  the  skeleton 
and  the  ice. 

During  increase  of  the  moisture  content  w of  frozen  soils  under  conditions  of 
practically  complete  moisture  saturation  and  correspondingly  increasing  poro- 
sity, in  most  cases  a reduction  of  porosity  is  observed,  but  at  sufficiently 
large  values  of  w during  compression  there  can  also  be  an  increase  of  strength 
(see  Figure  81).  The  noted  reduction  of  strength  is  caused  primarily  by  weak- 
ening of  the  structural  bonds  between  particles  of  the  skeleton  or  aggregates 
of  them  as  a result  of  shifting  of  the  ice,  which  is  only  partially  compen- 
sated by  the  cementing  effect  of  the  ice.  However,  the  growth  of  strength 
during  increase  of  w in  the  range  of  large  values  of  the  latter  is  connected 
with  the  developing  localization  of  the  unfrozen  water  (the  ground  framework 
is  broken  up  by  ice  layers),  and  also  by  reduction  of  its  quantity  as  a result 
of  decrease  of  the  surface  of  the  skeleton  and  Ice  (per  unit  of  volume  of  the 
ground). 

The  degree  of  manifestation  of  the  indicated  regularity  depends  substantially 
on  the  dispersity  and  temperature.  For  example,  during  increate  of  w under 
conditions  of  practically  constant  porosity  with  reduction  of  the  temperature 
the  dependence  of  the  strength  (tensile)  on  w for  clayey  frozen  soils  is  in- 
tensified, and  for  sands  weakened  (see  Figure  82),  Under  conditions  of  ab- 
solute moisture  saturation  and  variable  porosity  the  influence  of  increase  of 
w on  strength  (compression)  increases  with  decrease  of  the  temperature  and 
dispersity. 

The  variation  of  w of  frozen  soils  occurs,  as  a rule,  in  far  more  complex  con- 
ditions than  those  considered  above.  In  different  ranges  of  the  moisture  con- 
tent both  the  porosity  n and  the  degree  of  moisture  saturation  q can  vary. 
Therefore  the  dependence  of  strength  on  the  moisture  content  can  have  a rather 
complex  character  (can  have  a maximum,  a minimum,  a combination  of  them,  etc), 
which,  however,  can  be  analyzed  on  the  basis  of  the  above-examined  cases,  as 
is  illustrated  by  the  schematic  diagram  presented  on  Figure  85. 
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Figure  84.  Dependence  of  the  tempor- 
ary uniaxial  compressive  strength 
C ^ of  frozen  rocks  on  the  degree  of 
mo  ??ture  saturation  q;  t = -40  ; 1 - 
sand;  2 - loam,  a - ff",  kg/cm^ 

b - y\ 

1 mean 


Figure  85.  Dependence  of  the  strength 
rr  of  frozen  rocks  on  the  moisture  con- 


tent w under  various  conditions  of  its 
variation  (schematic  diagram).  Explan- 


ations are  given 
a - 6",  kg/cm- 


in  the  text. 


As  is  known,  the  interconnection  between  w,  q and  n can  be  represented  in  the 
form 

K-'Yya  (1  — «)  O.Vqn  0, 1 Yy.-^V  ( 1 — «)  (6.8. 1 ) 

or 

K-'Yy*  ( I //)gs0,9i in, 

where  Y is  the  specific  gravity  of  the  skeleton  of  the  ground.  On  Figure 

85  curvl^e  1 depicts  the  case  of  increase  of  w at  q ?1;  n ^ constant  and  in- 
creases in  accordance  with  (6.8.1).  Curves  2 characterize  the  case  of  increase 
of  w at  n ” constant  (n^  < n2  < n^);  q t constant  and  increases  in  accordance 

with  (6.8.1).  Curves  3 relate  to  the  case  of  decrease  of  n,  and  curves  4 to 
the  case  of  its  increase  with  increase  of  w;  q f constant  and  increases  in 
accordance  with  (6.8.1).  Curves  5 characterize  the  case  of  increase  of  w 
at  q “ constant  < 1;  n f constant  and  increases  in  accordance  with  (6.8.1). 

A combination  of  those  cases  can  give  a different  character  of  the  dependence 
of  the  strength  of  frozen  rocks  rr  on  their  moisture  content  w Thus,  a com- 
bination of  cases  2 and  1 gives  a curve  cr  - w with  two  extremums  (a  maximum 
and  a minimum).  The  same  is  obtained  with  a combination  of  3 and  1 (but  with 
a sharper  maximum)  and  also  4 and  1 (the  maximum  is  expressed  more  weakly). 

With  a combination  of  cases  3,  5,  4 and  1 the  curve  q - w can  have  two  maxima 
and  two  minima,  etc. 

The  examined  general  form  of  the  dependence  of  the  strength  of  frozen  rocks 
on  their  moisture  content  w applies  to  the  case  of  brief  effect  of  load.  The 
dependence  of  the  long-term  strength  of  frozen  soils  on  w with  the  same  regu- 
larity will  differ  only  quantitatively  in  connection  with  decrease  of  the 
cementing  capacity  of  the  ice  under  the  long  effect  of  load. 
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Figure  86.  Dependence  of  the  compress- 
ability  e of  frozen  loams  with  a lamin- 
ated cryogenic  texture  on  the  total 
moisture  content  w:  1 - at  t = -0.4  ; 

2 - t = -3.6-4.01’  (according  to  A.  G. 
Brodskaya)  a - p,  kg/cm" 


Also  substantially  dependent  on  the  total  moisture  content  w of  frozen  rocks 
is  their  compressability.  According  to  the  data  of  A.  G.  Brodskaya  (1962), 
with  increase  of  w the  degree  of  shrinkage  increases  during  compression  (Table 
41  and  42  and  Figure  86).  This  is  noted  both  for  frozen  rocks  with  a cryogen- 
ic texture  of  a single  type  and  for  those  with  different.  The  obtained  depen- 
dence is  explained  by  the  fact  that  the  shrinkage  of  frozen  rock  under  the 
effect  of  load  is  caused  mainly  by  reduction  of  its  ice  content.  The  main 
mechanism  of  that  process  involves  phase  transformations  of  water  (the  liquid 
phase  of  water  is  squeezed  out:  and  continuously  made  up  through  the  ice). 


Table  41.  The  influence  of  the  total  moisture  content  (w}  on  the  compress- 
ability  (e)  of  frozen  soils.  Load  p = 8 kg/cni  (according  to 
A.  G.  Brodskaya,  1962) 
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3.  The  Dependence  of  the  Mechanical  Properties  of  Frozen  Soils  on  Their 
Structure 

In  examining  the  dependence  of  the  mechanical  properties  of  frozen  rocks  on 
their  structure  one  should  take  into  consideration  its  distinctive  features, 
formed  both  before  the  freezing  of  deposits  and  in  the  process  of  cryogenesis. 

Thus,  the  lamination  which  formed  in  the  rock  before  the  freezing  has  an 
effect  on  its  mechanical  properties  also  in  the  frozen  state.  This  is  clear- 
ly illustrated  by  the  results  of  shear  tests  of  layered  clay  after  it  has  been 
frozen  at  a temperature  of  -40°,  which  assures  the  formation  of  a massive 
cryogenic  texture.  It  follows  from  a comparison  of  the  curves  of  creep  of 
frozen  clay  during  shear  that  if  the  shear  plane  passes  along  the  lamination 
the  deformation  e of  the  rock  at  any  moment  of  time  is  greater  than  in  the 
case  where  the  shear  plane  is  perpendicular  to  the  layers  (Figure  87).  Com- 
parison of  the  short-term  and  long-term  strength  of  clay  in  the  frozen  state 
in  the  presence  of  shear  with  a different  direction  of  the  shear  surface  to 
the  lamination  C^able  43)  shows  that,  regardless  of  the  amount  of  normal  press- 
ure and  time  before  destruction,  in  the  case  of  a direction  of  the  shear  sur- 
face perpendicular  to  the  lamination  the  strength  of  the  rock  always  proves 
to  be  far  greater  than  in  the  case  where  the  shear  surface  passes  along  the 
lamination. 

The  presented  data  show  that,  in  spite  of  intensification  of  the  strength  of 
bonds  between  particles  of  rock  as  a result  of  its  cementation  by  ice  the 
anisotropy  of  the  mechanical  properties  of  the  layered  soil  is  also  preserved 
after  Its  transition  into  the  frozen  state. 
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Figure  87.  Curves  of  creep  of  frozen 
laminated  clay  in  the  presence  of 
shear.  The  shear  surface  is  parallel 
(l)  and  perpendicular  (2)  to  the  lam- 
ination; t “ jlO0,  “ 25  kg/cm  , 

*C  * 15  kg/cm  . a - "C,  minutes 


Figure  88.  Diagram  of  rapid  shear  of 
frozen  clay  at  t ■ -2  : 1 - massive 
cryogenic  texture,  w = 30-31%;  2 - 
fine-lattice  cryogenic  texture,  w “ 
29-31%;  3 - fine-lattice  cryogenic 
texture,  w - 32-34%;  4 - ice  (accord- 
ing to  N.  K.  Pekarskaya,  1963). 


2 

Table  43.  Resistance  to  shear  of  frozen  clay  (kg/cm  ) in  the  direction  of 
the  shear  surface  perpendicular  (t",)  and  parallel  (T  , ) to  the 
lamination,  t - -10°C 
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The  mentioned  anisotropy  depends  on  the  dispersity,  moisture  content  and 
temperature  of  the  frozen  rock,  which  can  be  clearly  traced  on  the  basis  of 
the  data  of  rapid  tensile  tests  of  layered  sands  and  loams  frozen  at  -40 
and  having  a massive  cryogenic  texture  (Table  44). 

The  cryogenic  structure  also  has  a substantial  influence  on  the  mechanical 
properties  of  frozen  rocks  (Pekarskaya , 1963).  Thus,  in  the  region  of  in- 
tensive phase  transitions,  when  the  values  of  the  total  moisture  content  w 
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Table  44.  Temporary  tensile  resistance  of  frozen  soils  in  the  direction 

of  stress  perpendicular  (<5"i  ) and  parallel  (ffj.)  to  the  lamination 
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are  close  the  frozen  clay  in  the  case  of  massive  cryogenic  textures  is  char- 
acterized by  smaller  values  of  the  resistance  to  rapid  shear,  coupling  and 
friction  than  in  the  case  of  a latticed  texture,  for  which  with  growth  of  the 
ice  schlieren  the  strength  of  the  rock  increases  (Figure  88).  Comparison  of 
the  results  of  rapid  shear  tests  of  frozen  clay  with  massive  and  laminated 
textures  also  testifies  to  a smaller  strength  of  ground  without  ice  schlieren. 
In  that  case,  in  samples  of  clay  with  a laminated  texture,  differing  also  in 
a larger  value  of  w,  the  shear  surface  was  directed  practically  perpendicularly 
to  the  lamination.  Characterized  by  less  strength  are  samples  of  frozen  rock 
with  a massive  texture  in  comparison  with  samples  containing  ice  schlieren  and 
during  long  shear  and  uniaxial  compression  tests. 

The  obtained  regularities  can  be  explained  by  starting  from  an  estimate  of 
the  strength  of  ice  and  the  connection  of  different  contacts.  At  high  tem- 
peratures and  with  a brief  effect  of  load  the  contacts  of  soil  particles  with 
one  another  and  with  the  ice  as  a result  of  the  presence  of  unfrozen  water  are 
weakened  sections  in  comparison  with  ice.  Therefore  the  appearance  of  ice 
schlieren  and  their  development  leads  to  strengthening  of  the  frozen  rock  (in 
cases  where  the  surface  of  destruction  passes  through  ice  Inclusions). 

When  the  temperature  is  lowered  the  correlation  of  strength  of  the  indicated 
contacts  and  ice  can  change,  as  can  be  testified  to  by  the  results  of  com- 
pression tests  of  frozen  soils  in  the  range  of  temperatures  from  -10  to  -55  , 
according  to  which  under  certain  conditions  ice  becomes  weaker  than  frozen 
rock  (See  Figure  81).  The  correlation  of  the  strength  of  ice  and  contacts 
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between  the  structural  elements  of  frozen  ground  also  depends  on  the  length 
of  the  effect  of  load,  as  the  strength  of  ice  diminishes  in  time  practically 
to  zero. 

Also  dependent  on  the  cryogenic  texture  of  frozen  rocks  is  their  compressi- 
bility (Brodskaya,  1962)  which,  as  the  experimental  data  show,  increases  with 
the  development  of  the  surface  of  resistance  of  ice  with  soil  particles. 
Therefore  the  formation  and  growth  of  ice  schlieren  and  the  increase  of  their 
quantity  and  thickness,  characterizing  the  amount  of  the  schlieren  ice  con- 
tent, lead  to  increase  of  the  compressibility  of  frozen  soils  (see  Table  42), 

4,  The  Dependence  of  the  Mechanical  Properties  of  Frozen  Soils  on  Their 
Temperature 

Data  on  the  dependence  of  the  mechanical  properties  of  frozen  rocks  on  tem- 
perature are  numerous,  and  in  comparison  with  the  factors  touched  upon  above 
the  influence  of  temperature  can  be  considered  in  a "purer"  form.  The  change 
of  the  deformational  properties  of  frozen  soils  as  a function  of  temperature 
can  be  traced  on  the  basis  of  the  moduli  of  elasticity  and  general  deforma- 
tion, the  curves  of  creep,  the  coefficients  of  viscosity  and  the  compression 
curves. 


The  modulus  of  elasticity  of  frozen  soils  depends  essentially  on  the  tempera- 
ture t,  increasing  with  its  decrease  (see  Figure  77),  which  characterizes  the 
the  increase  of  the  resistance  of  those  soils  to  the  effect  of  load  in  the 
region  of  elastic  deformations.  In  that  case  the  Influence  of  t diminishes 
with  increase  of  dispersity. 


A similar  influence  of  temperature  on  the  resistance  of  frozen  rocks  in  the 
region  of  plastic  deformations  is  shown  by  comparison  of  the  curves  of  the 
dependence  of  the  total  deformation  6 on  the  load  <T  at  different  moments  of 
time  at  different  temperatures  (Figure  89,  a and  b and  Figure  90,  a and  b). 


Figure  89.  Dependence  of  the  total  deformation  of  frozen 
rocks  t on  the  load  <T  at  different  moments  of  time.  Ijnl- 
axlal  compress  ion : a - sand,  b - loam.  1 - O',  kg/cm 
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Figure  90.  Dependence  of  the  total  deformation  of  frozen 
rocks  fc  on  the  loader  at  different  moments  of  time:  1-1; 
2 - 3;  3 - 12  hours.  Uniaxial  compression:  A - sandy 

loam;  B - clay;  a - at  t ■ -20°;  b - at  t = -10°;  c - at 
t - -5°  (according  to  S.  E.  Gorodetskiy,  1962). 


Figure  91.  Curves  of  creep  of  frozen 
sandy  loam  at  temperatures:  1 - -20°; 

2 - -10°;  3 - -5°.  Uniaxial  compression. 
1 - 'f,  hrs 


Figure  92.  Coefficient  of  viscosity  r\  of 
frozen  sandy  loam  at  temperatures:  1 - 
-20°;  2 - -10  ; 3 - -5°.  Uniaxial  com- 
pression: a - sandy  loam;  b ^loam. 

1 - lg'*\»  pause  2 - kg/cm 


Figure  93.  Dependence  of  the 
temporary  resistance  to  compress- 
ion of  frozen  rocks  to  tempera- 
ture: 1 - sand,  w ■ 16-17%;  2 - 
sandy  loam,  w “ 11-12%;  3 - clay, 
w “ 52-61%  (according  to  N.  A. 
Tsytovlch,  1958). 
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The  presented  data  show  that  the  modulus  of  total  deformation  E , which  is 
a variable  and  depends  on  the  time  T and  effective  stress  <T,  increases  when 
the  ten^erature  is  lowered,  that  is,  the  resistance  of  the  frozen  soils  is 
intensified  with  lowering  of  the  temperature  also  in  the  region  of  plastic 
deformat  ions. 


Testifying  to  the  same  thing  also  is  comparison  at  different  temperatures  of 
the  curves  of  creep  of  frozen  rocks  (Figure  91)  and  the  coefficients  of  vis- 
cosity T'V  of  the  rocks,  characterizing  the  resistance  in  the  state  of  steady 
flow  (Figure  92). 


According  to  S.  S.  Vyalov  the  dependence  between  the  stress  O' and  strain  E 
for  frozen  rocks  can  be  described  with  the  expression: 

a A (t)  Em.  (6.8/2) 

The  influence  of  the  temperature  t on  the  value  of  E is  manifested  through 
the  parameter  A,  the  dependence  of  which  on  time  is  described  by  the  equa- 
tion A (T)  <=  Xt  \ The  parameter  X is  practically  independent  of  t.  However, 

the  dependence  of  X on  t,  according  to  S.  E.  Gorodetskiy  (1962),  in  separate 
ranges  of  t can  be  represented  in  the  form 

X (0  w(/  f I)*.  (6.8.3) 

Through  the  modulus  of  total  deformation  E - <T/E  the  coefficient  A can  be 
expressed  with  the  dependence 

A(\)  = E (t)  E}~m  Em(t)o'~m.  (6.8 .4) 


As  follows  from  the  presented  materials,  reduction  of  the  temperature  causes 
the  same  effect  as  the  reduction  of  dispersity  --  increase  of  the  resistance 
of  frozen  soils  to  the  effect  of  loads.  This  results  because  both  those  in- 
dicators are  connected  with  the  phase  composition  of  the  water  in  the  frozen 
rocks,  which  is  one  of  the  important  factors  on  which  the  mechanical  proper- 
ties of  those  rocks  depend.  However,  when  the  temperature  is  lowered,  not 
only  does  a change  of  the  quantitative  ratio  of  ice  and  the  unfrozen  water 
occur,  but  also  other  processes.  As  is  known,  during  the  cooling  of  dispersed 
rocks  during  the  transition  through  0 there  is  a sudden  increase  of  their 
strength,  connected  with  the  transition  of  water  into  ice.  Further  lowering 
of  the  temperature  to  -20  according  to  numerous  experimental  data  is  charac- 
terized by  a smooth  increase  of  strength,  occurring,  regardless  of  the  granu- 
lometric composition,  with  damping  intensity  (Figures  93  and  94),  which  is 
reflected  by  equations  of  the  type 


o A Bt  f Cl\ 
a - A -f-  Btn. 


(6.8.5) 


The  growth  of  the  strength  of  frozen  soils,  like  the  above-noted  dependence 
of  their  def ormational  properties  on  temperature,  is  caused  mainly  by  increase 
of  the  strength  of  the  ice  and  the  viscosity  of  the  unfrozen  water  and  the 
further  crystallization  of  water  and  structural  transformations  connected  with 
that  (including  the  dehydration  of  aggregates,  processes  of  coagulation,  and 
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C t *r/cn: 


Figure  94.  Dependence  of  the  coupling 
forces  of  frozen  sandy  loam  (C)  on  the 
temperature  (t)  at  different  times  of 
the  effect  of  load:  1-10  sec;  2-10 
min;  3-1  hr;  4-24  hrs^ 
a - C,  kg/cmz  b - C 


the  migration  of  moisture  and  skeleton  particles).  However,  the  weakening 
of  the  dependence  of  the  resistance  of  frozen  soils  on  the  temperature  t 
when  it  is  lowered  is  connected  with  the  nature  of  the  influence  of  t on  the 
mechanical  properties  of  ice  and  unfrozen  water,  and  also  with  damping  of 
those  processes. 

Investigations  in  the  area  of  low  negative  temperatures  (down  to  -60°)  show 
that  below  -20°  a smooth  increase  of  strength  C with  damping  intensity  can 
be  observed  only  for  frozen  sand  (see  Figure  83).  However,  for  frozen  clayey 
soils  (sandy  loam,  loam  and  clay)  at  a temperature  below  -20  to  -30  , however, 
there  is  a far  more  intensive  Increase  of  (T  than  in  the  region  from  -10  to 
-20  (the  <T-  t curve  has  a point  of  discontinuity)  (Figure  83).  Evidently 
this  can  be  linked  with  the  freezing  of  new  amounts  of  water  in  finer  pores 
(for  example,  in  aggregates,  which  are  not  present  in  sand),  causing  further 
structural  transformations,  which  is  completely  linked  with  the  results  of 
investigations  of  temperature  deformations  of  frozen  soils  during  their  cool- 
ing in  the  range  of  low  temperatures.  For  frozen  clayey  ground  the  strains 
of  contraction  during  the  lowering  of  their  temperature  differs  only  down  to 
-20  , and  expansion  is  observed  in  the  range  from  -20  to  -60  . For  frozen 
sand,  however,  down  to  -160  there  is  only  a smooth  development  of  strains 
of  contraction. 

During  the  long  effect  of  load  the  dependence  of  the  strength  of  frozen  soils 
on  temperature  weakens  somewhat  (Figure  94);  this  is  mainly  connected  with 
the  rheological  properties  of  the  ice. 

According  to  S.  S.  Vyalov  the  reduction  of  the  strength  of  frozen  rocks  in 
time  can  be  described  by  an  expression  of  the  type  of 

o(t)  = ® . (6.8.61 

t J.  | 
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The  dependence  of  the  short-term  and  long-term  strength  of  frozen  rock  on 
the  temperature  t in  the  range  of  down  to  -20  is  expressed  through  the 
parameter  in  the  form 

p 0)  (/  t-  1 )'x.  (6-S-7) 

9.  Forecasting  Thermal  Subsidences  of  Soils  During  Thawing 

During  construction  it  is  important  to  take  into  consideration  whether  exist- 
ing permafrozen  rock  masses  will  thaw  or  new  formations  of  frozen  rock  masses 
will  form  within  the  limits  of  taliks,  as  in  those  cases  there  are  very  sub- 
stantial changes  of  the  frost  and  geological  engineering  conditions.  For  the 
forecasting  of  those  processes  it  is  necessary  to  know  the  composition,  mois- 
ture content,  the  cryogenic  textures  of  frozen  rocks,  their  thermophysical 
characteristics,  the  possibility  and  probability  of  their  thawing  and  the 
character  of  the  frost  and  geological  processes.  On  sections  where  the  new 
formation  of  frost  is  possible  as  a result  of  economic  activity,  the  regular- 
ities of  its  formation  and  development  must  be  established  both  in  accordance 
with  existing  natural  conditions  of  the  given  region  and  with  consideration 
of  future  changes. 

During  the  thawing  of  permafrozen  rock  masses  of  great  importance  are  the  com- 
position and  ice  content  (cryogenic  textures)  of  the  rocks.  It  is  precisely 
they  which  determine  the  degree  of  change  of  the  properties  of  rocks  during 
thawing,  and  also  the  degree  and  intensity  of  development  of  cryogenic  pro- 
cesses. Each  geological  genetic  complex  of  rocks,  depending  on  the  character 
of  the  freezing  (the  correlation  of  sedimentation  and  freezing),  can  be  classed 
as  syngenetic,  epigenetic  or  polygenetic  frozen  rock  masses.  The  genesis  of 
loose  thick  rock  masses  is  determined  to  a considerable  degree  by  their  strati- 
graphy. Deposits  formed  in  pre -Qua ternary  time  belong  mainly  to  the  epigene- 
tic. In  northern  and  arctic  regions,  syngenetic  frozen  rock  masses  could  have 
formed  during  the  entire  Quaternary  period.  Near  the  contemporary  southern 
boundary  of  frost  propagation,  syngenetic  frozen  rock  masses  formed  in  the 
Upper  Pleistocene  and  mainly  in  the  Holocene.  Polygenetic  frozen  rock  masses 
occur  in  all  the  frost-temperature  zones  and  are  determined  by  the  conditions 
of  the  accumulation  of  contemporary  sediments  and  their  bedding  in  relation  to 
permafrozen  rocks. 

The  thawing  of  frozen  rock  masses  and  the  character  of  the  processes  accom- 
panying them,  as  has  already  been  pointed  out,  depend  to  a great  degree  on 
the  cryogenic  structure  of  the  rocks.  For  syngenetic  rock  masses,  in  compil- 
ing a frost  forecast  it  is  advisable  to  distinguish  three  principal  types  of 
ice  content  in  rocks:  1)  reopened-vein  ices;  2)  schlleren  cryogenic  textures; 

3)  monolithic  cryogenic  textures. 

In  the  presence  of  ice  veins  the  process  of  thawing  of  permafrozen  rock  masses 
proceeds  slowly  because  of  large  phase  transitions  on  account  of  the  thawing 
of  ice.  This  is  clearly  visible  in  outcrops  with  reopened-vein  ices,  where 
the  thawing  proceeds  irregularly  --  more  slowly  above  veins  and  more  rapidly 
above  enclosing  rocks.  During  the  thawing  of  syngenetic  rock  masses  of  that 
kind  very  large  thermal  subsidences  are  noted  which  can  reach  30-50%  or 


more  of  the  thickness  of  the  thawing  rock  mass.  Depending  on  the  composition 
of  the  rocks  as  a result  of  the  thawing  of  reopened-vein  ices  (on  lowland  sec- 
tions) or  baydzherakhi  [hillocks  remaining  after  glaciation]  (on  slopes,  see 
Figure  123).  The  total  depth  of  the  thermal  subsidence  will  be  determined  by 
the  depth  of  the  thawing  basin  with  consideration  of  the  weighted  average  ice 
content  of  the  thawing  rock  mass. 

During  the  thawing  of  syngenetic  rock  masses  with  a laminated  and  laminated- 
lattice  texture  the  subsidences  can  also  achieve  large  values  --  10-20%  of 
the  total  thickness  of  the  thawing  rocks.  As  a result,  alassy  [depressions 
in  the  pergelisol]  basins  or  thermokarst  lakes  form.  During  the  thawing  of 
syngenetic  rock  masses  with  a monolithic  cryogenic  texture  the  thermal  sub- 
sidences usually  are  less  considerable.  Therefore  a quantitative  estimate 
of  the  thermal  subsidences  during  the  thawing  of  frozen  rock  masses  must  be 
given  for  each  geological  genetic  complex  of  rocks  with  consideration  of  facial 
changes  of  the  deposits  and  distinctive  features  of  their  moisture  content  and 
cryogenic  textures.  Thus,  for  example,  syngenetic  deluvia 1-sol  if luct iona 1 de- 
posits are  characterized  by  the  presence  of  underground  ices  of  both  segregative 
and  sol  if luct iona 1 origin  and  buried  firn  basins. 

Segregat iona 1 ices  form  in  the  process  of  accumulation  of  deluvial  deposits 
with  their  annual  seasonal  freezing  and  thawing.  The  latter  leads  to  frost 
differentiation  of  the  material  in  the  layer  of  seasonal  thawing  and  the  evacu- 
ation of  fine-grained  filler  and  as  a result  of  that  to  the  specific  structure 
of  that  layer  and  the  upper  part  of  the  profile  of  permafrozen  rock  masses 
(Figure  95).  Frequently  in  that  case  under  the  layer  £ forms  a layer  of  almost 
pure  (bald  peak)  ice  with  a thickness  of  0.3-0. 5 m or  more.  From  the  surface 
usually  lies  large-fragment  or  block  material,  at  times  almost  without  filler. 

As  a result  of  that  an  impression  can  form  of  the  presence  of  a rocky  base 
under  them  and  the  geological  engineering  conditions  of  that  section  can  erron- 
eously be  considered  favorable.  Actually,  on  the  given  section  the  thermal 
subsidences  can  reach  1 or  2 meters  or  more. 

The  ice  distribution  in  fork  formations  is  extremely  irregular  and  separate 
exploring  holes  may  be  unable  to  reveal  their  beddings.  To  reveal  them  and 
contour  them  for  geological  engineering  purposes,  geophysical  surveying  methods 
should  be  used.  A thermal  subsidence  on  such  slopes  causes  slides,  overflows 
and  avalanches.  As  a rule,  in  that  case  the  thickness  of  buried  ices  and  firn 
fields  is  kept  within  the  limits  of  tens  of  cm  and  rarely  reaches  2 or  3 meters. 
A characteristic  feature  of  those  ices  is  their  wide  distribution  in  the  form 
of  separate  small  islands,  which  give  considerable  thermal  subsidences. 

Calculation  of  the  Amount  of  Thermal  Subsidence  During  the  Thawing  of  Perma- 
Frozen  Rocks  (Example  30) 

Determine  the  thermal  subsidence  of  ground,  for  example,  at  the  base  of  a 
highway  being  planned  in  a permafrost  region.  The  starting  data  are:  deposits 
to  a depth  of  18-20  meters  consist  of  loams  la^v»  which  in  the  layer  of  sea- 
sonal thawing  have  the  values:  Y , “ 1100  kg/m  ; Y - 2.7  g/cm  ; w - 38%: 

sk  spec  * ’ 

^ “ 1.0;  V » 1.3  kca 1/ (m) (degree ) (hr ) ; C - 0.19  kcal/ (kg) (degree), 

t f spec 

Data  on  the  amount  of  unfrozen  water  in  frozen  loam  are  presented  on  Figure  96. 
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Figure  95.  Examples  of  the  correlation  of  the  depth  of  thaw- 
ing and  of  occurrence  of  deposits  on  steep  slopes  (according 
to  T.  N.  Kaplina,  1970):  a - depth  of  thawing  coincides,  b - 

considerably  exceeds,  c - does  not  reach  the  base  of  the  layer 
of  crushed  stone  without  filler.  In  the  left  column  is  the 
lithology  and  in  the  right  the  cryogenic  structure  of  the 
rocks:  1 - humified  layer;  2 - sandy  loam  or  loam  with  crushed 
stone;  3 - crushed  stone;  4 - crushed  stone  with  sandy  loam 
and  loam  filler;  5 - crushed  stone;  6 - depth  of  seasonal 
thawing;  7 - basal  cryogenic  texture;  8 - combination  of 
crustal  and  f ine-schl ieren  texture;  9 - fractured  cryogenic 
texture. 


t'C 
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In  the  permafrozen  state  those  loams  are  characterized  by:  f - 1000  kg/m  ; 

= 2.7  g/cm  ; w = 57%;  w . = 33%;  X.  = 0.9  kca 1/ (m) (defree ) (hr ) . The 

spec  ’min  t 

cryogenic  texture  of  tne  frozen  loams  is  fine  schlieren  and  laminated. 


The  climatic 

t , = -8.2°; 

a ir 


conditions  of  the  region  are  determined  by  the 

A , = 23°;  z = 0.5  m;  = 0.19  g/cc. 

a ir  ’ sn  ’ ' sn 


following  data : 


Under  natural  conditions  ta elevated  by  0.3  1 on  account  of  the  plant 

cover  and  A . is  reduced  by  1.5  . 
a ir 

Snow  is  cleared  off  the  roadbed  and  in  the  summer  the  average  maximal  tempera- 
ture (t  , ) is  8°  higher  than  the  corresponding  air  temperature  (t  . ) 

road-max  r r air-max 

in  winter  the  maximal  average  monthly  temperature  on  the  bed  is  practically 

equal  to  the  corresponding  air  temperature  (t  . = t . ). 

r c road-max  air-max 


Solution.  The  procedure  in  solution  must  be  as  follows.  First  it  is  neces- 
sary to  determine  the  temperature  regime  on  the  surface  of  the  ground  and  the 
depth  of  seasonal  thawing  under  natural  conditions.  Then  it  is  calculated 
what  sort  of  temperature  regime  will  exist  on  the  roadbed  and  by  how  much  the 
depth  of  seasonal  thawing  will  increase.  For  deposits  occurring  at  a depth 
determined  by  the  difference  between  the  depth  of  thawing  and  the  natural  con- 
ditions and  under  the  roadbed  the  depth  of  the  thermal  subsidence  is  calculated 


1.  We  determine  t under  natural  conditions.  The  warming  influence  of  the 

snow  is  found  with  (5.3.10):  /it  6.4  . Then  we  find  t and  A with  con- 

sn  o o 

sideration  of  the  influence  of  the  snow  and  plant  covers: 

t0  —8,2  | 0,3  4-6,4  — 1,5°, 

A0  23  — 6,4—  1,5  = 15,1°, 

, tuuu  — 16,0  ^ 


2.  We  calculate  c 


vol-t 


2 2 
and  Q.  with  (4.1.7)  and  (4.1.8): 


Cof1T  0,19-1 100  + - <327  KKa.i/M3epad. 

100 

In  calculating  Q,  we  take  w into  account,  assuming  that  the  average  monthly 
temperature  in  *the  freezingnlayer  is  close  to  1/2  t . = -8.3°,  at  which  the 

amount  of  w^  on  the  average  for  the  layer  will  be  ~ o*4 * * 1  (see  Figure  96): 


Q = SO— — ^--l0°  28  160  KKU.ifM3. 


100 


3.  We  calculate  S under  natural  conditions.  To  do  that  we  find/dt^  in  the 
layer  § with  the  nomogram  (see  Figure  33).  Under  natural  conditions  it  is 


equal  to  ~ 1.0  . Consequently,  t 


-1.5  -1.0  - -2.5  . 


With  a nomogram  (see  Figure  15)  we  find  / in  accordance  with  the  following 

starting  data:  A - 15.1°;  tg  = -2.5°;  Q.  - 28,160  kcal/m3;  C - 627 

3 ° 5 P vol-t 

kcal/(m  ) (degree);  At  - 1.0  kca 1/ (m) (hr ) (degree ).  We  obtain]  ^ 1.5  meters. 


4.  After  construction  of  the  road,  along  its  route  there  are  substantial 

changes  of  the  temperature  regime  of  the  soils  and  the  depth  of  their  seasonal 

thawing.  These  changes  are  connected  with  the  fact  that  in  the  winter  the 

soils  are  greatly  cooled,  since  snow  is  regularly  removed  from  their  surface. 
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and  in  the  summer  they  are  fairly  well  warmed  as  a result  of  the  influence 

of  the  road  covering  (the  albedo  of  asphalt  is  low,  and  the  heat  loss  due  to 

evaporation  from  the  surface  becomes  in  practice  a very  small  amount).  As  a 

result  the  annual  amplitude  of  temperature  fluctuations  on  the  surface  of  the 

roadbed  (A  .)  increases  substantially,  and  the  average  annual  temnerature 

(t  .)  is  reduced  slightly, 
road 


In  accordance  with  the  conditions  of  the  problem,  in  the  presence  of  a steady 
temperature  regime  we  will  have 

A,  23  4 --  27°  (A,  A_  ' A/KJRC;  A/y2KC  -■  tXHMt 

- 8,2  i 4 ,-4,2°  |AU). 

That  temperature  regime  determines  the  average  established  depth  of  seasonal 
thawing  and  the  temperature  of  the  ground  at  that  depth.  Upon  attainment  of 
a steady  regime  the  character  of  the  ground  in  the  upper  part  of  the  layer  of 
permafrozen  rocks  also  changes.  It  is  obvious  that  after  the  lapse  of  some 
time  (3-5  years)  the  permafrozen  soils  which  have  gone  into  the  seasonally 
thawed  state  will  in  their  composition  and  properties  approach  soils  of  the 
layer  of  seasonal  thawing  under  natural  conditions.  With  the  nomogram  (Figure 
15)  we  find  that  the  depth  of  seasonal  thawing  of  the  ground  corresponding  to 
the  steady  regime  Is  1.85  meters  (the  initial  data  are  as  follows:  A 

= 27°;.tj  ~ -5.0°,  with  consideration  of  the  temperature  shift;  Q = road28,160 
kcal/m  ; - 62  7 kca 1/ (m3)  (degree ) ; \ - 1.0  kca 1/ (m) (degrel)  (hr ) . 


However,  for  calculation  of  the  thermal  subsidence  the  depth  off  must  be 
determined,  not  according  to  the  average  perennial  values  of  A and  t , 
but  according  to  their  values  in  the  warmest  year,  the  recurre£cedof  whicfiad 
amounts  to  at  least  once  in  10  years.  Since  in  a separate  warm  year  on  the 
investigated  section  t increases  by  2 (At  ) and  the  amplitude  increases 


b.  . -a  ^ j 

by  4”  (Aa^  ) in  relation  to  the  average  perennial  values,  then  it  is  obvi 
ous  that  3 ^he  depth  of  j that  year  will  be  deeper  than  1.85  m. 


5.  We  determine  the  depth  i of  the  ground  in  a warm  year.  In  that  case  we 

leave  tj  equal  to  -5.0  and  we  increase  the  amplitude  of  temperature  fluctu- 

tions  on  the  surface  of  the  road  by  the  sum  of  At  . and  AA  . , as  is  done  in 

calculations  of  the  potential  freezing  or  thawing"3  ^examp  le  Sir5),  that  is, 

A -27+4+2-  33°. 
road 

With  the  nomogram  (see  Figure  15)  we  find  that  j>  = 2.0  m. 


6.  We  calculate  the  size  of  the  thermal  subsidence  during  thawing  of  the 
icy  layer  of  permafrozen  rocks  as  a result  of  increase  of  the  depth  of  sea- 
sonal thawing  under  the  roadbed. 


The  thickness  of  the  icy  layer  giving  the  thermal  subsidence  is 


h = 2,0—  1,5  = 0,5  m 
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We  calculate  the  size  of  the  subsidence  (S)  with  the  formula  of  A.  M.  pche- 
1 intsev  (1964) 


S 


Vya  fc'  ■ 

1 Yy* 

2,7(0,57  0,33) 

I 2 , I 


(0.9.1) 


- ■ 0,5  0,09  m. 


As  a result  of  the  calculation  we  find  that  during  construction  of  a road  on 
the  section  on  which  the  given  type  of  permafrost  is  widespread  the  thermal 
subsidence  as  a result  of  increase  of  the  depth  of  seasonal  thawing  is  9 cm. 

To  verify  the  correctness  of  the  determination  of  the  maximal  thickness  of 
the  layer  of  icy  permafrozen  ground  giving  a thermal  subsidence  as  a result 
of  increase  of  the  depth  of  seasonal  thawing,  one  should  also  calculate  the 
depth  of  thawing  forming  in  the  first  year  of  construction,  when  the  tem- 
perature regime  of  the  ground  still  differs  insignificantly  from  that  exist- 
ing under  natural  conditions  (t£  = 02.8°)  and  the  profile  of  seasonally  thaw- 
ing rocks  already  has  a two-layer  structure.  It  is  obvious  that  the  tempera- 
ture conditions  on  the  surface  of  the  roadbed  in  that  year  depend  on  weather 

conditions.  For  calculations  it  is  advisable  to  take  data  characterizing  a 
very  warm  year,  that  is,  A ^ = 33  . The  two-layer  structure  can  be  taken 

into  consideration  by  determining  the  values  of  C , , X and  Q.  by  the 

J e vol-t  t /> 

method  of  weighted-average  values,  assuming  provisionally  that  the  depth  of 
thawing  increases  by  approximately  30%  as  compared  with  natural  conditions. 

The  first  layer  represents  soils  which  thaw  seasonally  annually.  Their  thermo- 
physical properties  were  presented  above.  The  second  layer  represents  the 
upper  part  of  the  permafrozen  rock  mass.  Their  thermophysical  properties  are 
as  follows: 

C>6.r  0, 19  ■ 1000  1,0  • 570  7G0  Knayt/M3-apad. 


The  amount  of  unfrozen  water  for  that  layer  can  be  determined  at  a tempera- 
ture equal  to  the  average  annual  (-2.8  ),  at  which  w = 9%.  Consequently: 

Q*  80  • 480  38  400  kkoji/m3. 

Then  the  weighted  average  values  of  the  characteristics  will  be: 


Go6.t 


<?* 


027  I ,5__  7G0  ■ 10,5 

2,0 

2.S  100  • I ,5  --  38-101  • 0,5 

2.0 


G70  muj.;  v.3epad, 
30  720  kko.i/m3 , 


1.0-1 .5  -j-  o.o  Q.5 

2.0 


0,97  KKa.h'M  ■ epad  ■ huc. 


In  accordance  with  the  obtained  data  we  determine  the  maximal  depth  of  thaw- 
ing under  the  roadbed  in  the  first  year  after  construction.  With  the  nomo- 
gram (see  Figure  15)  we  find  that  £ ” 2.1  meters,  that  is,  exceeds  by  0.1  m 
the  depth  of  thawing  adopted  in  the  calculation  of  the  thermal  subsidence. 

For  a definitive  estimate  of  the  size  of  the  subsidence  it  obviously  is  ne- 
cessary to  take  a larger  depth  of  thawing.  In  the  given  case  it  is  preferable 
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to  assume  that  it  is  equal  to  2.1  meters.  But  that  will  give  an  Increase  of 
the  thermal  subsidence  totalling  1 cm,  which  is  not  of  great  importance.  In 
other  cases  that  difference  can  be  greater,  and  then  it  should  be  taken  into 
cons iderat ion. 

In  conclusion  it  must  be  noted  that  not  under  all  conditions  will  the  depth 
of  thawing  of  ground  observed  in  the  first  year  be  greater  than  the  depth  of 
thawing  corresponding  to  the  new  temperature  regime  of  the  ground.  Therefore 
in  solving  each  concrete  problem  one  should  analyze  the  regularities  in  the 
formation  of  the  depths  of  seasonal  thawing  of  the  ground,  as  was  shown  in 
example  30. 

In  the  case  of  an  unfavorable  forecast,  when  the  thermal  subsidences  reach 
large  values,  it  is  necessary  to  provide  for  measures  to  eliminate  them  and 
control  the  frost  process.  The  latter  can  be  achieved  by  construction  accord- 
ing to  the  principle  of  preservation  of  permafrozen  rock  masses  in  the  base 
of  the  construction  or  according  to  the  principle  of  their  preliminary  thawing. 

In  the  case  where  a large  territory  with  widespread  reopened-ve in  ice  or 
permafrozen  rock  masses  with  schlieren  cryogenic  textures  is  to  be  opened  up, 
when  it  becomes  practically  impossible  to  apply  both  those  principles,  it  is 
necessary  to  plan  the  filling  in  of  large-skeleton  soils,  the  thickness  of 
* which  must  be  especially  calculated. 

Calculation  of  the  Height  of  an  Embankment  Constructed  to  Prevent  Thermal 
Subsidences  of  Soils  (Example  31) 

Calculate  the  height  to  which  an  enbankment  should  be  erected  on  a section 

of  the  route  of  a highway  in  order  to  exclude  the  thawing  of  strongly  iced 

frozen  soils  which  give  a large  thermal  subsidence.  As  a result  of  a frost 

survey  it  has  been  established  that  the  upper  part  of  the  profile  of  the 

frozen  rook  mass  consists  of  strongly  iced  peatized  loams,  characterized  by: 

i = 870  kg/m  ; V =2.7  g/cm  ; w = 67%,  w . = 33%;  A = 0.78  kcal/(m) 
sk  ’ spec  ’ ’ min  t 

(degree) (hr ). 

In  the  layer  of  seasonal  thawing  lie  silty  loams  with  the  characteristics; 

^ = 1000  kg/cnr;  w = 36%,  X = 1.0  kca 1/ (m) (degree ) (hr ) ; C = 540 

S K q l >>  VOl  - w 

kcal/(m  ) (degree);  Q,  = 24,000  keal/m  ; w = 6%. 

f)  un 

. 

The  temperature  regime  of  the  soils  is  characterized  by  the  following  data: 

A = 10  ; tv  = -1.7°. 
t o * i 

During  construction  the  temperature  conditions  varied^along  the  path  of  the 
highway:  tj  increased  to  -1.0  and  A^  increased  to  25  in  warm  years. 

Solution.  1.  We  determine  that  under  natural  conditions  the  depth  f amounts 
to  1.2  meter.  It  was  calculated  with  the  nomogram  (see  Figure  16)  at  the 
following  Initial  data: 

\ 10°,  /-  —1.7°,  Coo,  540  KM.i/M'epad,  24000  kkoa/m*, 

X,  1,0  KKCU/Mepad-Hac. 
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2.  After  construction,  as  a result  of  change  of  the  temperature  conditions, 

that  is,  at  A = 25°  and  t|  = -1.0  , the  depth  of  the  seasonal  thawing  in  the 
same  grounds  increases  to  2.2  m.  Since  under  natural  conditions  from  a depth 
of  1.2  m lie  icy  frozen  loams,  the  newly  formed  depth  in  the  first  years  will 
be  smaller  than  2.2  m.  In  subsequent  years,  when  the  temperature  regime  has 
become  steady,  the  depth  $ obviously  will  attain  that  value  if  the  loams  which 
have  thawed,  which  went  over  into  the  seasonally  thawed  state,  will  have  pro- 
perties characterized  by  values  of  C , , Q , and  X close  to  those  cited  above. 
r vo  1 f> 

3.  We  determine  the  thermal  subsidence  S as  a result  of  thawing  of  icy  loams 
which  before  construction  were  in  a permafrozen  state. 

Upon  increase  of  the  depth  of  thawing  by  1.0  m (h  = 2.2  - 1.2),  in  accordance 
with  (6.9.1)  the  subsidence  is  equal  to 

s LZ-(°.67-  0,33)  . , 0 ^0  25  M 
I 2,7 

When  such  a subsidence  proves  to  be  unallowable  it  is  necessary  to  erect  an 
embankment  with  a height  of  at  least  1.0  m in  order  to  protect  the  permafrozen 
rock  mass  against  thawing.  However,  in  planning  the  embankment  one  should 
calculate  the  depth  of  potential  seasonal  freezing  in  order  to  correctly  deter- 
mine the  allowable  height  of  the  embankment  at  which  the  possibility  of  for- 
mation of  non-convergent  frost.  Under  the  given  conditions  (A  =25  ; t.  = 

- 1.0°;  c “ 540  kcal/ (nr  ) (degree);  0^  * 24,000  kcal/nr;  X"  • 1.0  kcal/ 

(m) (degree ) (hr ) ) the  depth  of  potential  freezing  is  f ^ 2.5  m.  Consequently, 
if  the  embankment  is  erected  at  the  end  of  the  summer^  when  seasonal  thawing 
of  the  ground  to  a depth  of  1.2  m has  occurred,  the  height  of  the  embankment 
must  be  at  least  1.0  m but  also  not  more  than  1,3  m.  It  is  obvious  that  the 
embankment  height  in  case  of  need  can  be  made  larger  if  it  is  erected  in  win- 
ter or  at  the  start  of  spring,  but  even  in  that  case  it  cannot  exceed  2.5  m. 

In  compiling  a for. cast  of  the  change  of  the  frost  engineering  geological  con- 
ditions on  sections  where  syngenetic  permafrozen  rock  masses  are  widespread 
it  also  is  necessary  to  take  into  consideration  their  distinctive  features  in 
connection  with  the  latitudinal  zonation  and  height  zonation.  This  applies 
especially  to  the  distribution  of  different  types  of  syngenetic  permafrozen 
rock  masses  containing  reopened-vein  ice.  Within  the  limits  of  the  first  two 
frost-temperature  zones  reopened-vein  ice,  as  a rule,  either  is  absent  or  is 
developed  locally  and  is  of  small  thickness.  In  the  three  remaining  northern 
zones  they  are  widespread  and  their  distribution  increases  from  south 

to  north,  as  a rule.  Their  thickness  also  increases  in  the  same  direction. 

In  the  fifth  zone  and  in  the  northern  part  of  the  fourth  their  thickness  at- 
tains 10-20  meters,  in  places  30-50  m.  The  width  of  the  ice  wedges  in  that 
case  often  reaches  3-5  m at  dimensions  of  the  ice  lattice  of  7-9  m,  more  rarely 
12  m.  At  the  same  time  the  depth  of  bedding  of  reopened-vein  ices  from  the 
surface  decreases  from  south  to  north  in  accordance  with  the  decrease  of  thick- 
ness of  the  layer  of  seasonal  thawing.  This  has  the  result  that  the  proba- 
bility of  thawing  increases  during  the  economic  opening  up  of  territory  from 
south  to  north.  In  northern  arctic  regions  even  a slight  damage  of  the  plant 
cover  can  lead  to  the  development  of  thermokarst  (examples  14,  15  and  16). 
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Syngenetic  rock  masses  with  schlieren  cryogenic  textures  are  encountered 
locally  within  the  limits  of  the  first  two  frost-temperature  zones.  This 
is  connected  with  the  fact  that  freezing  from  below  in  the  layer  of  sunnier 
thawing  is  extremely  small  in  those  zones.  In  more  northerly  zones  freezing 
from  below  reaches  considerable  values  (in  zones  IV  and  V up  to  30-40%  of  the 
entire  thickness  of  the  layer  of  seasonal  thawing).  Because  of  this,  perma- 
frozen  rock  masses  with  thick,  medium  and  thin  schlieren  laminated  cryogenic 
textures  in  the  upper  levels  are  widespread  in  the  north.  The  thickness  of 
the  latter  can  reach  10-20  m or  more. 

Buried  and  solif luctional  ices  and  firn  basins  are  widespread,  as  a rule,  in 
frost-temperature  zones  III,  IV  and  V,  they  are  not  encountered  at  all  in 
zone  I,  and  are  encountered  locally  in  zone  II.  They  are  most  widespread  in 
the  northern  parts  of  zone  IV  and  in  frost -temperature  zone  V.  They  also  have 
maximal  thickness  there.  Most  often  they  are  widespread  on  steep  bare  slopes 
composed  of  large-fragment  material. 

Thermal  subsidences  during  the  thawing  of  epigenetic  frozen  rock  masses,  just 
like  syngenetic,  are  determined  by  the  ice  content  and  distinctive  features 
of  the  cryogenic  structure  of  the  rocks.  Epigenetic  rock  masses  are  charac- 
teristic of  pre-Quaternary  deposits  and  younger  ones  if  their  cryogenic  age 
is  determined  by  shorter  time  segments  than  the  time  of  their  formation.  The 
cryogenic  textures  of  epigenetic  frozen  rock  masses  are  characterized  by  great 
variety  and  depend  on  the  composition  and  genesis  of  the  deposits,  on  their 
moisture  content  and  the  regime  of  the  subsurface  waters,  and  also  on  the  con- 
ditions of  freezing. 

In  compiling  a forecast  of  the  change  of  frost  conditions,  and  in  particular 
a forecast  of  thermal  subsidences  during  thawing  of  epigenetic  permafrozen 
rocks,  it  is  necessary  to  use  as  a basis  analysis  of  the  types  of  frozen  rock 
masses.  In  that  case  one  should  above  all  distinguish  permafrozen  rock  masses 
of  river  valleys  (and  their  slopes)  and  reservoirs.  Within  the  limits  of 
river  valleys  epigenetic  frozen  rock  masses  are  characteristic  of  denudation 
terraces  and  slopes  of  valleys,  including  those  deposited  in  solid  rocks.  In 
rock  formations  the  ice  inclusions  are  concentrated  in  the  weathering  joints 
and  zones  of  tectonic  faults.  In  that  case,  in  the  process  of  thawing  the 
thermal  subsidences  usually  are  not  observed,  but  during  thawing  the  coeffic- 
ient of  filtration  of  rocks  increases  sharply. 

Epigenetic  rock  masses  in  river  valleys  composed  of  loose  Quaternary  deposits 
have  a different  ice  content  in  different  latitudinal  zones.  In  the  first 
two  frost-temperature  zones  the  thicknesses  of  permafrozen  rock  masses  usually 
form  within  the  range  of  from  several  meters  to  100-150  meters.  Their  ice 
content  forms  as  a function  of  the  composition  of  the  rocks  and  the  drainage 
conditions.  In  sandy-pebbled  deposits  in  the  presence  of  water-bearing  hori- 
zons mainly  massive,  massive-porous,  at  times  basal  cryogenic  textures  are 
noted.  Layers  and  lenses  of  ice  are  encountered  rarely  and  are  usually  con- 
nected with  injection  ice.  The  thermal  subsidences  in  that  cases  most  often 
do  not  go  beyond  the  range  of  3-4  cm'  . When  sandy  loam  and  loam  lenses  and 
layers  representing  facial  changes  .uvial  deposits  are  encountered  in 

sand  and  gravel  deposits,  the  cryogt  textures  in  them  can  be  laminated, 
lens-shaped  and  porphyraceous . During  the  thawing  of  those  lenses  the  sub- 
sidence can  attain  considerable  dimensions,  of  the  oeder  of  10-12  or  more  cm/m. 
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In  sandy-pebbled  alluvia,  in  the  absence  of  subsurface  waters  the  ice  content 
is  extremely  small  and  no  thermal  subsidences  are  observed,  as  a rule,  during 
their  thawing. 

In  deposits  of  flood-plain,  riverbed  and  oxbow  lake  deposits,  consisting  of 
sandy  loam  and  loam,  lens-shaped,  laminated,  lattice  or  cellular  or  grid 
cryogenic  textures  are  encountered.  To  determine  the  thermal  subsidence  in 
that  case  it  is  necessary  to  have  data  on  the  moisture  content  and  ice  content 
of  the  frozen  rocks  by  facies.  In  that  cast  it  must  be  borne  in  mind  that  in 
the  first  two  frost -temperature  zones  the  maximal  ice  content  of  epigenet ica 1 ly 
frozen  deposits  is  concentrated  in  the  upper  10-20  m.  Deeper,  the  ice  content 
diminishes,  as  a rule.  Therefore  in  compiling  a forecast  of  thermal  subsid- 
ences it  is  necessary  to  take  into  consideration  the  dimensions  of  the  basins 
(aureoles)  of  thawing  under  the  structure. 

On  water  divides  and  their  slopes  a difference  of  epigenetic  rock  masses  from 
those  in  valleys  is  noted  especially  with  respect  to  the  composition  and  gen- 
esis of  deposits.  In  solid  rocks  the  ice  content  of  the  deposits  is  connected 
with  weathering  joints  and  tectonic  fissures.  The  thawing  of  those  rock  masses 
often  leads  to  slides  and  avalanches  on  steep  slopes.  The  thawing  of  such 
frozen  rock  masses  at  reservoirs  and  in  valley  floors  often  is  connected  with 
the  formation  of  local  fissure  waters  and  the  formation  of  perforated  and  un- 
perforated taliks. 

During  the  freezing  of  deluvial -eluvial  deposits  composed  of  wood  and  gravel 
materials,  massive-porous,  basal  and,  when  there  is  a large  accumulation  of 
ice,  ataxitic  cryogenic  textures  are  usually  encountered.  In  sandy  loam  and 
loam  material  containing  crushed  stone,  laminated,  lens-shaped  and  crustal 
textures  are  encountered.  In  that  case  the  character  of  the  textures  is  de- 
termined by  the  hydrogeological  conditions  and,  in  particular,  by  the  charac- 
ter of  the  subsurface  waters  and  the  moisture  content  of  the  rocks. 

In  conclusion  it  must  be  noted  that  in  forecasting  thermal  subsidences  it  is 
necessary  to  take  into  consideration  the  possibility  of  the  formation  of  ac- 
companying cryogenic  processes  and  effects  (landslides,  overflows,  thermo- 
karst, swamping,  etc)  which  have  a great  influence  on  the  stability  of  struc- 
tures. 

10.  Forecasting  Changes  of  the  Geological  Engineering  Properties  of  Frozen, 
Freezing  and  Thawing  Rocks 

Frozen  soils  consist  of  a four -component  system  (mineral  particles,  ice,  un- 
frozen water  and  air),  the  properties  of  which  are  determined  by  the  percent- 
age ratio  of  the  content  of  each  of  the  components  and  the  structural  features 
of  the  rock.  The  presence  in  frozen  soils  of  a rock-forming  mineral  --  ice  -- 
is  a characteristic  of  them.  The  minera log ica 1 , granulometric  and  saline  com- 
positions of  frozen  rocks  are  determined  by  their  geological  genetic  features. 
The  influence  of  cryogenic  processes  on  the  granulometric  composition  of  rocks 
is  expressed  mainly  in  the  formation  of  silty  fractions.  The  ice  content  in 
soils  is  determined  by  the  lithological  facies  to  which  they  belong,  the 
moisture  content  and  hydrogeological  conditions  before  the  start  of  freezing, 
and  the  conditions  of  freezing  and  of  moisture  migration  toward  the  front  of 
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freezing.  As  a result  of  that  various  cryogenic  textures  of  frozen  soils  form, 
characterized  by  the  presence  of  different  ice  inclusions  (schlieren,  patches, 
crusts,  etc).  In  mineral  layers  of  the  soil  a monolithic  cryogenic  texture 
with  ice  cement  is  observed.  In  those  layers  is  the  principal  part  of  the 
unfrozen  water  of  the  frozen  ground.  Its  quantity  depends  on  the  dispersity 
of  the  soil,  its  minera logica 1 and  saline  composition,  its  content  of  organic 
matter  and  its  temperature.  The  character  of  the  change  of  quantity  of  un- 
frozen water  as  a function  of  temperature  for  concrete  soils  is  shown  on  Fig- 
ures 12,  13,  14,  27,  31,  etc. 

The  regularities  of  the  change  of  the  geological  engineering  properties  of 
rocks  as  a function  of  composition,  structure  and  temperature  can  be  illus- 
trated by  the  data  on  Figures  73-94.  It  is  evident  from  the  presented  graphs 
that  soils  of  sandy  and  gravel-pebble  composition  differ  sharply  in  their 
properties  from  dispersed  varieties.  The  unfrozen  water  contained  in  them 
exerts  an  especially  great  influence  on  the  properties  of  frozen  soils.  The 
dependence  of  their  transparency,  rheological  and  thermophysical  properties 
on  the  content  of  ice  and  unfrozen  water  is  shown  on  Figures  76,  78,  79,  82, 

83,  etc. 

Thus  in  the  economic  opening  up  of  territory  which  leads  to  change  of  the  tem- 
perature regime  of  frozen  rocks  and  to  change  of  their  thermal  state  on  the 
whole  (frozen  or  thawed)  there  is  a substantial  change  of  the  properties  of 
the  soils,  in  connection  with  which  a need  arises  to  forecast  those  changes. 
The  forecasting  of  change  of  the  geological  engineering  properties  of  rocks 
should  be  subdivided  into  two  parts:  1)  forecast  of  the  change  of  properties 
of  frozen  rocks  in  connection  with  their  thawing  and  of  thawed  rocks  during 
their  freezing;  2)  forecast  of  the  change  of  properties  of  frozen  rocks  in 
connection  with  change  of  their  temperature  regime  in  the  range  of  negative 
values. 

During  the  thawing  of  frozen  soils,  besides  a sharp  change  of  the  composition, 
structure  and  properties  of  the  soils  one  should  take  into  consideration  sub- 
sidence during  thawing,  which  is  a special  characteristic  of  thawing  grounds. 
During  the  freezing  of  thawed  grounds  it  is  necessary  above  all  to  take  into 
account  the  change  of  their  composition  (the  appearance  of  ice),  the  formation 
of  cryogenic  textures  and  heaving,  as  a result  of  which  all  the  properties  of 
the  soils  change.  Consequently,  in  compiling  a forecast  of  the  change  of 
frost  conditions,  sections  are  distinguished  in  which,  as  a result  of  the 
productive  activity  of  man,  the  following  are  expected:  a)  thawing  of  perma- 
frozen  rock  masses  and  the  formation  of  taliks;  b)  formation  of  permafrozen 
rock  masses  again  within  the  limits  of  a thawed  mass  of  rocks  and  c)  change 
of  the  temperature  regime  of  rocks  while  preserving  them  in  the  frozen  state. 

In  the  case  of  thawing  of  permafrozen  rock  masses  the  principal  forecasting 
characteristics  are  the  dynamics  of  thawing  in  time,  the  character  of  the 
thermal  subsidence  and  the  expected  consistency  of  the  thawed  soils  and  their 
properties.  For  the  forecast  it  is  necessary  to  have  a complete  character- 
ization of  the  physical  properties  of  the  frozen  soils,  namely:  the  specific 
gravity  of  the  skeleton  of  the  rock,  the  specific  gravity  in  the  frozen  and 
thawed  states,  the  absolute  moisture  capacity,  the  natural  moisture  content. 
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the  limits  of  plasticity,  the  filtration  coefficient  and  the  thermophys ica 1 
properties.  The  dynamics  of  thawing  of  frozen  rock  masses  can  be  determined 
in  accordance  with  the  above- indicated  procedure,  analysed  in  examples  1,  3, 

4,  5,  13,  21  and  22.  A procedure  for  determination  of  subsidences  during 
thawing  is  presented  in  example  30,  from  which  it  is  evident  that  the  thermal 
subsidence  is  calculated  for  the  entire  expected  layer  of  thawing.  If  thawing 
of  frozen  rock  masses  is  expected  on  large  areas,  the  thermal  subsidence  is 
calculated  for  the  entire  thickness  of  the  permafrozen  rocks.  In  that  case, 
when  the  process  of  thawing  is  limited  to  a basin,  the  subsidence  is  calculated 
only  within  the  limits  of  its  contour. 

In  relation  to  the  expected  properties  of  thawed  rocks  it  should  be  said  that 
the  initial  moisture  content  and  ice  content  of  soils  are  decisive  aspects. 

When  the  total  moisture  content  of  the  thawing  frozen  rocks  does  not 

exceed  the  critical  moisture  content  (w  ) the  properties  of  those  soils  will 
correspond  to  the  thawed  state  at  the  given  moisture  content.  For  thawing 
soils  with  a total  moisture  content  greater  than  the  critical  the  properties 
will  be  connected  with  the  dynamics  of  thawing  and  the  rate  of  separation  of 
the  excessive  moisture  accumulating  on  the  surface.  In  the  case  of  thawing 
of  finely  dispersed  rocks,  often  a portion  of  the  excessive  moisture  is  en- 
trapped  in  the  ground  and  masses  of  moisture-saturated,  often  silty  soils  form 
which  have  a zero  carrying  capacity  and  are  completely  unsuitable  as  the  base 
of  any  structure.  Such  soils  require  serious  improvement  measures,  and  later 
filling  with  large  clump  soils.  A calculation  of  the  amount  of  such  filling 
is  presented  in  example  31. 

In  the  case  of  new  formations  of  permafrozen  rocks  it  is  necessary  to  forecast 
their  distribution  over  an  area,  the  conditions  of  their  bedding  (in  the  sense 
of  determination  of  the  depth  of  permafrost)  and  the  temperature  regime. 

Methods  of  making  that  forecast  have  already  been  examined  in  examples  4,  5, 

25  and  26.  In  forecasting  the  properties  of  freezing  rocks  the  main  attention 
ought  to  be  given  to  the  formation  of  cryogenic  textures  for  each  geological 
genetic  type  and  lithological  variety  of  rocks.  A forecast  of  the  formation 
of  cryogenic  textures  can  be  obtained  with  the  procedure  presented  in  section 
3 of  Chapter  6.  The  data  of  section  7 can  be  used  to  determine  the  thermo- 
physical properties  of  rocks.  The  procedure  of  their  calculation  is  presented 
in  example  28. 

The  change  of  the  geological  engineering  properties  of  frozen  rocks  connected 
with  change  of  the  temperature  of  frozen  rocks  is  very  widespread.  Noted  in 
Chapter  4 were  the  role  and  importance  of  separate  factors  of  the  natural  en- 
vironment in  the  formation  of  the  temperature  regime  of  rocks.  The  procedure 
for  taking  into  consideration  the  influence  of  the  principal  components  of  the 
natural  environment  on  the  formation  of  the  temperature  regime  of  rocks  and 
the  depths  of  seasonal  freezing  and  seasonal  thawing  is  presented  in  examples 
9,  10,  11,  12,  13,  14,  15,  16,  17,  18,  19  and  20.  The  procedure  for  calculat- 
ing the  summary  Influence  of  all  the  principal  factors  is  shown  in  example  22. 

In  accordance  with  the  results  of  the  forecast  and  as  a function  of  the  tech- 
nical conditions  of  the  opening  up  of  the  territory,  methods  of  controlling 
the  frost  process  for  productive  purposes  can  be  worked  out.  By  regulating 
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and  controlling  the  temperature  regime  of  rocks  it  is  possible  to  control  the 
process  of  freezing  and  thawing  of  soils,  and  also  directively  change  the 
properties  of  soils  in  the  frozen  state.  Thus,  for  example,  in  the  process 
of  formation  of  permafrozen  rocks  it  is  possible  to  observe  the  formation  of 
cryogenic  textures  with  a large  quantity  of  ice  schlieren,  which  in  turn  is 
accompanied  by  intensive  heaving,  as  was  shown  in  section  3 of  Chapter  .6  and 
section  3 of  Chapter  9.  Heaving  of  the  ground  can  be  prevented  or  substantially 
reduced  by  draining  the  area  of  their  propagation  and  regulating  the  conditions 
and  rate  of  freezing  by  means  of  snow,  blackening  the  surface,  shading  it  and 
other  measures  indicated  in  section  5 of  Chapter  6. 

In  working  up  a forecast  it  is  necessary  to  prepare  a list  of  measures  to 
control  the  frost  process  in  order  to  obtain  optimal  conditions  for  the  opera- 
tion of  structures  and  optimize  the  economics  of  construction.  Depending  on 
the  type  of  construction  and  distinctive  features  of  the  geological  engineer- 
ing and  frost  conditions  the  specific  content  of  the  forecast  of  change  of  frost 
conditions  and  the  properties  of  frozen  rocks  can  vary,  but  the  general  basis 
will  be  preserved. 

Everything  said  above  indicates  that  a forecast  of  change  of  the  geological 
engineering  properties  of  rocks  and  the  development  of  principles  and  methods 
of  their  control  can  be  accomplished  only  on  the  basis  of  a frost  survey,  in 
the  process  of  which  the  general  regularities  in  the  formation  and  development 
of  the  geological  engineering  conditions  in  a region  of  permafrost  are  studied. 
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Chapter  7.  Regularities  in  the  Formation  of  Taliks  and  Forecasting 
Their  Formation 

1.  Talik  Classification  by  Reasons  for  Their  Formation 

In  the  area  of  permafrozen  rocks  taliks  (tabetisols)  are  of  great  importance 
in  the  solution  of  theoretical  and  practical  questions  of  geocryology,  espe- 
cially in  the  geological  engineering  evaluation  of  territory  and  the  study 
of  subsurface  waters. 

It  is  very  important  to  explain  the  reasons  for  the  formation  of  taliks  and 
the  conditions  of  their  existence,  which  makes  it  possible  to  give  not  only 
a forecast  of  their  development  in  the  economic  opening  up  of  territory  but 
also  a forecast  in  the  direction  of  searches  for  talik  zones. 

The  formation  of  taliks  is  determined  by  the  character  of  the  heat  exchange 
on  the  surface  of  the  ground  and  in  the  rock  mass  as  a function  of  the  spe- 
cific geological  structure  and  geographical  situation,  and  also  other  elements 
of  the  natural  environment. 

The  reasons  for  the  formation  and  existence  of  taliks  ought  to  express  both 
qualitative  and  quantitative  Interconnections  of  the  temperature  regime  of 
the  rocks  and  the  radiation  heat  balance  of  the  surface  and  thermal  cycles 
in  the  soils.  Such  interconnnections  are  the  basis  of  the  genetic  classi- 
fication of  taliks,  on  which  their  study  must  be  based. 

The  classification  developed  by  N.  N.  Romanovskly  (1970,  1972)  is  such  a 
genetic  classification,  constructed  on  qualitative  Interconnections  of  defin- 
ite types  of  taliks  and  the  conditions  in  which  they  form  and  exist,  A new 
genetic  classification  of  taliks  (Table  45)  has  been  compiled  for  the  main 
taxonomic  subdivisions  of  the  classification  of  N.  N.  Romanovskly  by  estab- 
lishing bilateral  quantitative  dependences  in  the  heat  exchange  between  taliks 
and  the  principal  geological,  geographic  and  thermophysical  conditions  char- 
acteristic of  frost-temperature  zones. 

The  determination  of  the  main  reasons  for  the  formation  and  existence  of 
taliks  and  the  character  of  the  connection  of  those  causes  with  heat  exchange 
are  a distinctive  feature  of  the  given  classification. 
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Calculating  methods  based  on  use  of  approximate  formulas  for  solving  the 
Stefan  problem  (Chapters  4,  5 and  6)  can  be  used  on  the  basis  of  the  corre- 
lations, indicated  in  the  classification,  of  types  of  taliks  with  the  reasons 
for  their  formation  in  the  study  and  characterization  of  taliks  for  the  pur- 
pose of  forecasting. 

2.  Distinctive  Features  and  the  Character  of  the  Influence  of  Natural 
Factors  on  the  Formation  of  Taliks 

1.  The  Radiation  Heat  Balance  of  the  Surface  and  Its  Role  in  Talik  Formation 

Type  of  taliks  --  radiation-heat,  subtype  --  radiation.  Taliks  belonging  to 
the  radiation  subtype  can  form  on  account  of  change  of  one  or  a group  of  com- 
ponents of  the  radiation  balance  of  the  surface.  Such  taliks  can  above  all 
be  connected  with  increase  of  the  incident  solar  radiation  on  slopes  with  a 
southern  exposure  and  a definite  steepness,  and  also  during  reduction  of  the 
albedo  of  the  surface. 

The  maximal  amount  of  solar  radiation  impinging  on  the  surface  is  observed 
on  slopes  with  a southern  exposure  and  a steepness  corresponding  to  perpen- 
dicular impingement  of  rays  on  the  surface.  For  each  specific  region,  depend- 
on  the  latitude  of  the  place,  that  steepness  and  the  relative  amount  of  radi- 
ation can  be  determined  from  Tables  12  and  13.  In  field  investigations  on 
different  types  of  landscapes  the  actual  amount  of  direct  and  scattered  radi- 
ation can  be  measured.  For  the  winter  period  the  amount  of  impinging  solar 
radiation  on  slopes  of  different  steepness  and  exposure  can  be  assumed  to  be 
identical.  The  different  amount  of  absorbed  radiation  in  the  summer  leads  to 

a difference  in  the  temperature  regime  of  the  rocks  on  slopes  in  the  annual 

cycle.  In  that  case,  when  the  absorbed  radiation  increases  so  much  that  the 
average  annual  temperature  of  the  surface  of  the  soil  reaches  0 and  goes  over 
into  the  region  of  positive  values,  taliks  of  a radiation  type  form.  The  pos- 
sibility of  the  ex. stence  of  those  taliks  in  different  regions  can  be  deter- 
mined by  means  of  the  following  calculating  scheme. 

Calculation  of  the  Possibility  of  Existence  of  a Radiation  Talik  on  Slopes 
With  a Southern  Exposure  (Exanple  32) 

It  has  been  established  by  field  actinometrlc  observations  that  on  slopes 
with  a southern  exposure  in  the  summer  period  about  55%  more  solar  radiation 
arrives  than  on  a horizontal  surface.  The  effective  radiation  on  slopes  at 
that  time  increases  by  not  more  than  5%.  The  radiation  balance  of  a horizon- 
tal surface  and  the  air  temperature  above  it  in  the  course  of  a year  are  pre- 

sented in  Table  46. 

On  slopes  and  horizontal  sections,  deposits  of  detritus  and  wood  lie  on  the 
surface.  The  plant  cover  consists  of  lichens  growing  in  small  patches.  On 
the  slopes  the  snow  reaches  a height  of  0.2  meter  at  a density  of  0.19  g/cc, 
and  on  horizontal  sections  the  snow  height  increases  to  0.3  meter  at  a den- 
sity of  0.22  g/cc.  It  is  necessary  to  determine  the  temperature  regime  on 
the  surface  of  the  rocks  and  clarify  the  possibility  of  existence  of  a talik 
on  slopes  with  a southern  exposure. 
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Table  45.  Classification  of  taliks  by  main  causes  of  their  formation  and  existence 
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6.  3a6ano>ieni!OCTi.  yiacTKoa  npi!  iia.ni‘ii!ii  ciie/Kiioro  noKpoaa  ducotoA  1 
1,0  m (K.iacc — 6c3noAmjfl,  noAKViacc  — Tcpva.ibiiufi,  oita — CKnoanoi'i) 
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Table  45  (Continued)  Key 

A - Type  B - Subtype  C - Principal  causes  of  the  formation  and  existence 

of  taliks  a - Temperature  zones 

I - Radiation-thermal  a - Radiation  1 - Southern  exposure  (class  of  talik 

--  anhydrous,  subclass  --  thermal,  type  --  permeating);  2 - Decrease  of 
albedo  as  a result  of  sunnier  fires  (class  --  anhydrous,  subclass  - thermal, 
typ«  — nonpermeating  and  permeating)  b - Thermal  1 - Little  evapora- 
tion from  the  surface  in  connection  with  good  conditions  of  drainage  of 
rocks  on  sections  bare  of  vegetation  (class  - anhydrous,  subclass  --  ther- 
mal, t^pe  --  permeating)  2 - Positive  temperature  shift  up  to  1 up 
to  2-3  (class,  etc,  as  for  "l")  3 - Snow  cover  by  zones  of  height 

0,4-0. 7 m 0. 7-1.0  m 1. 0-2.0  m (class  — anhydrous,  subclass  --  ther- 
mal, type  --  permeating  and  nonperraeating)  4 - Thick  firn  basins  and 
glaciers  (class,  etc,  as  for  "3")  5 - The  presence  of  dense  underbrush 

and  grassy  cover,  causing  looseness  of  snow,  not  packed  close  to  the  soil, 
with  the  formation  of  cavitWs  (class,  etc,  as  for  "3")  6 - Swampiness 

of  sections  in  the  presence  of  a snow  cover  0. 7-1.0  m high  (class,  etc,  as 
for  "1")  c - Radiation-infiltration  Warming  influence  of  ground  waters 
and  infiltrating  warm  atmospheric  precipitations  on  sections  composed  from 
the  surface  of  coarsely  dispersed  rocks  (class  --  infiltration,  subclass 
--  thermal,  type  --  permeating  and  nonpermeating). 

II  - Underwater-thermal  (hydrogenous)  a - Shelf  1 - Warming  influence  of 

warm  sea  currents  at  t of  water  in  bottom  layers  above  0 (class  -- 
anhydrous,  ground-filtration  and  infiltration,  subclass  --  thermal,  type 
--  permeating)  2 - Water  salinity  at  t of  water  in  bottom  layers  below 
o’  (class  --  infiltration  and  pressur ize9-f i ltrat ion,  subclass  - cryo- 
hydrohalinic,  type  — permeating)  b - Sub-lake  1.  The  warming  influ- 
ence of  lakes  with  a depth  greater  than  that  where  the  average  annual  tem- 
perature is  equal  to  zero  and  in  which  the  bottom  deposits  are  composed  of 
non-filtering  or  slightly  filtering  rocks  (class  --  anhydrous,  subclass  -- 
thermal,  type  --  permeating,  if  the  diameter  of  the  lakes  exceeds  the  thick- 
ness of  the  permafrozen  rock  masses;  nonpermeating  if  the  diameter  of  the 
lakes  is  smaller  than  the  thickness  of  the  frozen  rock  mass)  2.  The  warm- 
ing influence  of  lakes  existing  on  well  filtering  rocks  when  there  is 

ground-filtration  and  infiltration  feeding  (class  --  ground-filtration 
and  infiltration  and  stagnant,  subclass  --  thermal,  type  --  in  temperature 
zones  I and  II,  permeating,  in  the  rest,  permeating  and  nonpermeating, 
depending  on  depth,  the  dimensions  of  the  lakes  and  the  length  of  their 
existence)  c - Sub-riverbed  1.  The  warming  influence  of  current  on 

nonfiltering  and  weakly  filtering  rocks  (class  --  anhydrous,  subclass  — 

thermal,  type  --  permeating  and  nonpermeating,  depending  on  depth  and  the 
regime  of  the  current).  2.  The  warming  influence  of  current  on  filter- 
ing rocks  (class  --  ground-filtration  and  infiltration,  subclass  --  ther- 
mal, type  --  in  temperature  zones  I and  II,  permeating,  in  the  rest,  per- 
meating and  nonpermeating,  dpeending  on  the  regime  of  the  current. 

III  - Hydrogeogenlc  1.  The  warming  influence  of  ground  waters  (class  -- 
ground-filtration,  infiltration  and  pressur ized-f iltration,  subclass  -- 
thermal,  type  --  permeating  in  temperature  zones  I and  II,  permeating  and 
nonpermeating  in  zones  III,  IV  and  V,  depending  on  the  regime  of  the  water- 
bearing horizon).  2.  The  warming  influence  of  pressurized  subfrostal 
waters  (class  --  pressur ized-f iltration,  subclass  --  thermal,  type  -- 
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permeating).  3.  The  warming  influence  of  stratal,  strata 1-f issure 
and  fissure  subfrostal  waters  (class  --  infiltration  and  pressurized- 
inf iltrat ion , subclass  --  thermal,  type  --  permeating) 


Table  46.  Data  of  radiation  balance  and  air  temperatures  on  a horizontal 
surface 


^ paAIti-HMObHOrO 

6.1/1  a hc  a 

I 

11 

1 

II! 

i ,v  ! 

V 

VI  | 

I VII 

Q,„  kkua/cm2  MCC 

0.3 

o.oo 

1 .6 

2.0 

8.0 

13,0 

10. s 

/.  K\I.lfC.U2  M'C 

1 .5 

1 .5 

I .« 

1.7 

2.1 

4,2 

3.0 

R,  KK  l.llCM * Mt’C  . • • . . . 

— l .2 

0.9 

-0,2 

1 ,2 

5,9 

8,8 

7.8 

In  'C 

28,1 

25 , 0 

-17 

-6,2 

3,3 

13,2 

16,7 

npi'duxfHue  mud.i  46 


A OxTaa.T«Kju^HC  pa.iHaunoHHOro 
tianaHca 

VIH 

IX 

X 

.XI 

j X,r  | 

toa 

1 Q„,  KKaj/cM ! Mec 

8,2 

5.1 

1 .8 

0.3 

0.2 

2 1,  kkja/cm * Mec 

3.1 

2.4 

2.3 

1 .4 

1,4 

— 

i R,  KKQAjCM*  MCC 

5.1 

2.7 

—0.5 

— 1 . 1 

1 ,2 

— 

4 °C 

13,3 

4,5 

—6.5 

1 

19,2 

-25.9 

-6.4 

Key:  A - Components  of  radiation  balance  1 - Q , kca 1/ (cm “) (month) 

2-1,  kcal/(cm  ) (month  3 - R,  kca  1/ (ctir)  (month  ) 4 - t . , °C 


Table  47  Data  of  radiation  balance  on  slopes  with  southern  exposure 


A 

COCT*»H.1HK)!UHC 
pJAMauHOHHO;  o Ca.'iacca 

I 

II 

1 111 

IV 

V 

VI 

<?„  . KKtlA/CM-Mi  C 

0,30 

0.60 

1 ,60 

3.48 

9,6 

15,6 

/,  K/ca.i  cm2 Mec 

1 .50 

1 ,50 

1 ,80 

1 ,78 

2,2 

4,4 

R.  KKil.t/CM,MCC 

— 1 .20 

-0,9 

-0,2 

1.7 

7,4 

11.2 

HpodoAMCiHue  mod  i.  47 


A 

™ CocraB.mioiUHe 

paAMauHOMHOro  fia.MHta 

VII 

VIII 

IX 

X 

XI 

XII 

Q„ . KKOA/cm'Mec 

12,9 

9,48 

6,12 

1,8 

0,30 

0,20 

/ . KJUJA  /CM' Mec 

3.15 

3,15 

2,52 

2,40 

1.40 

1 40 

R.  KKa.t/CMtML'C 

9.71 

6,69 

3.60 

—0,5 

—1  ,1 

1.2 

Key:  As  for  Table  46 
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Table  48  Data  of  the  radiation  balance  and  calculation  of  the  average 
annual  temperature  of  rocks  and  amplitude  on  the  surface  of  a 
horizontal  area  and  a slope  with  a southern  exposure 


A Coct-p  t'-k  u:n* 
pj.TH-;;  6a.i*Hca 

I 

II 

ill 

IV. 

V 

VI 

1 

R,  kkqa  'yrnac 

— 16.4-1 

— 12,33 

— 2.74 

16.44 

60,83 

120,56 

2 

M — °C 

— 0,8 

— 0,6 

— 0.1 

0.8 

4,0 

6.0 

3 

cc 

-28.1 

—25,6 

—17.0 

-6.2 

3.3 

13,2 

4 

tJR).  *C 

— 2S.9 

—26,2 

— 17.1 

-5.4 

7.3 

19.2 

5 

kkoj'cm-mcc 

0.3 

0,6 

1 .6 

4.5 

12.4 

20.2 

6 

7 , uiaAlCM-y.ee 

1 .5 

1 .5 

1 .8 

1.7 

2.1 

4.2 

7 

R.  khga/cm'mcc 

— 1.2 

— 0.9 

— 0.2 

2,8 

10.4 

16.0 

8 

R.  KKa.1,'M**JC 

16.4 

— 12.3 

— 2,74 

38.4 

142.5 

219,2 

9 

A'*  . ‘C 

— 0.8 

— 0,6 

0,1 

1 .9 

7.1 

11.0 

10 

—28.9 

—26,2 

— 17.1 

—4.3 

10,4 

24.2 

/Ipodo/iyccHue  nui6/i.  48 


A Coc7<*g.*T**ioiUMe 

p3AH2ix  6a.T«Hca 

VII 

VIII 

IX 

X 

XI 

XII 

1 

R . nKaAl 

106,66 

69,87 

36,99 

-6.85 

—15,07 

— 16,44 

2 

II 

< 

5.3 

3.5 

1 .8 

—0,3 

-0,8 

-0.8 

3 

1 r.  *C 

16.7 

13.3 

4 ,5 

-6.5 

— 19,2 

-25.9 

4 

22,0 

16.8 

6.3 

—6.8 

—20.0 

—26.7 

5 

Qn.  tjyui/CM-Mec 

19.7 

12,7 

7,9 

1 .8 

0,3 

0.2 

t 

/ . KJUM/CM-Mec 

3,0 

3.1 

2.4 

2.3 

1 .4 

1 ,4 

7 

R , KKajt  'cM-Mec 

16,7 

9.6 

-5.5 

-0.5 

— 1.1 

— 1 .2 

8 

R,  hJia.i/M'-Hac 

228,8 

131 .5 

75 ,4 

—6.8 

— 15.1 

— 16 ,4 

9 

. ‘C 

11  .4 

6.6 

3,8 

—0.3 

— 0.8 

— 0,8 

10 

'.<«)•  *C 

28.1 

19,9 

8,3 

- 6.8 

-20,0 

—26,7 

Key:  A - Components  of  radiation  balance 

-R/«,  C 3 - tfllr,  °C  4 - tair(R), 


1 - R,  kcal/(m")(hr) 
°C  5 


CR  " 

Q , kca 1/ (cm (month) 

2 C 2 
6-1,  kcal/(cm  Hmonth)  7 - R,  kcal/(cm  )(month)  8 - R,  kcal/(m  ) 

°")  9 - AtR-  C 10  - Calr(R)*  ”C 


Solution.  1.  We  determine  the  radiation  balance  on  rocks  with  a southern 
exposure  with  consideration  of  the  regularity  established  for  the  region 
that  on  the  slopes  from  April  to  September  the  monthly  totals  of  absorbed 
radiation  are  larger  than  the  corresponding  sums  on  a horizontal  surface  by 
55%,  and  the  effective  radiation  by  5%  (Table  47). 


2.  We  determine  the  radiation  correction  for  the  temperature  of  the  surface 
of  the  deposits  on  horizontal  sections  and  on  slopes  with  a southern  exposure, 
assuming  that  the  coefficient  of  heat  transfer  ( C< ) from  the  surface  in  the 
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the  course  of  a year  varies  little  and  is  20  kcal/(m  ) (hr)  (degree).  The  cal- 
culated data  are  presented  in  Table  48.  Thus  with  consideration  of  the  radi- 

at  ion  correction  on  the  horizontal  sections  t,  = -5,A.  =2  5.5  and  on 

311*  w air  o 

slopes  with  a southern  exposure  t^  = -3.3°  and  A = ' 28.5  . 

3.  We  find  the  value  of  the  warming  influence  of  snow  on  slopes  and  horizon- 
tal sections  with  formula  (5.3.10).  In  accordance  with  the  change  of  the  snow 
height  and  temperature  regime  of  the  surface  (with  consideration  of  the  radi- 
ation regime)  we  obtain: 

1)  on  horizontal  sections  A/CH  25,5-0,164  4,2°, 

2)  on  southern  slopes  28,5-0,123  3,5°. 

4.  We  determine  the  temperature  regime  on  the  surface  of  the  soil  on  the 
slopes  and  the  horizontal  surface  with  consideration  of  the  radiation  correc- 
tion and  the  warming  influence  of  snow: 

1)  on  a horizontal  surface  0 ’ 

A0  25,5—4,2  21,3°, 

2)  on  slopes  with  a southern  exposure  ‘o  — o,o  -,-o,o  — u,_  , 

\ = 28,5  — 3.5  - 25°. 

Thus  on  slopes  with  a southern  exposure  there  are  conditions  favorable  for 
the  existence  of  taliks  on  account  of  increase  of  absorbed  radiation  as  com- 
pared with  horizontal  sections  and  slopes  with  other  exposures. 

The  formation  of  permeating  and  nonpermeating  taliks  of  the  radiation  type 
in  f rost-ten^erature  zones  I and  II  often  involves  an  increase  of  the  albedo 
of  the  surface,  as  a reduction  of  it  by  5-10%  leads  to  elevation  of  the  aver- 
age annual  tenperature  of  the  surface  of  the  soil  by  1-2  . The  conditions 
of  the  formation  of  taliks  during  change  of  the  albedo  of  the  surface  can  be 
determined  by  means  of  a calculation  similar  to  that  presented  in  example  32. 

The  formation  of  the  given  type  of  talik  cart  also  be  connected  with  the  char- 
acter of  the  effective  radiation.  Very  often  nonpermeating  taliks  and  non- 
converging frost  form  on  account  of  that  factor.  As  is  known,  the  effective 
radiation  is  determined  by  the  temperature  of  the  surface  and  the  bottom  layer 
of  air,  the  atmospheric  humidity  and  the  cloudiness.  Increase  of  the  moisture 
content  of  the  air  and  cloudiness  in  the  autumn  and  winter,  usually  accompanied 
by  elevation  of  the  air  temperature,  can  lead  in  separate  years  to  a sharp 
reduction  of  the  effective  radiation  of  the  surface,  which  involves  elevation 
of  the  average  annual  temperature  of  the  soil  and  reduction  of  the  depth  of 
freezing  of  the  rocks.  The  process  occurs  especially  frequently  in  regions 
where  cyclones  are  observed  in  winter. 

The  change  of  the  effective  radiation  in  different  types  of  landscapes  can  be 
connected  with  different  radiative  capacity  of  the  surface.  Therefore  that 
characteristic  must  be  determined  directly  in  field  conditions. 
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Calculation  of  the  Influence  of  the  Effective  Radiation  on  the  Formation 
of  a Radiation  Talik  (Example  33) 

Determine  how  the  temperature  regime  of  the  surface  of  the  soil  varies  in 

years  when  in  the  region  frequent  cyclones  are  observed  in  the  autumn-winter 

period,  which  lead  to  elevation  of  the  air  temperature  and  reduction  of  the 

heat  loss  due  to  effective  radiation.  The  characteristics  of  the  average 

perennial  climatic  conditions  are  presented  in  Table  49,  Thus,  at  t • 

“ -6,5  with  consideration  of  A tD  it  is  found  that  t , s = -5.0°  and 

R air(R) 

A^ir(R)  “ 25,4  , In  addition,  in  Table  50  are  presented  data  obtained  in 

years  with  frequent  cyclones  in  the  autumn-winter  time.  The  height  of  the 
snow  cover  on  the  investigated  section  in  winters  with  a cyclonic  type  of 
weather  varies  very  insignificantly  in  conparison  with  the  average  perennial 
data  as  a result  of  wind  transport.  If  the  average  annual  height  of  snow  is 
30  cm  in  winters  with  cyclones,  it  increases  by  5-7  cm  (at  a density  of  the 
snow  of  0.25  g/cc). 

Table  49  Average  annual  data  of  the  radiation  balance  and  air  tenperatures 


1 

2 

3 


1 

2 

3 


A 

Co craii-i  pa;waii  6a.ia«ca 

I 

1 

1 ' II 

III 

IV 

V 

VI 

R , KK  l.l/CM,HllC 

1 .2 

0,9 

0,2 

1 .2 

5,9 

8.8 

28.1 

-25,6 

—17,0 

—6,2 

3.3 

13.2 

'»<«>•  c<' 

28.9 

—26.2 

—17,1 

— 5.4 

7,3 

19,.' 

rjpodoAKi’Hui'  rn  if>  l . I ) 


A 

CocTaBi  pa^Haij  ojyiaMca 

VII 

VIII 

IX 

I 

, | X, 

XII 

R,  Kxa.t'cM^ac 

7,8 

5.1 

2,7 

0 5 

1.1 

— 1.2 

ta.  "C 

16.7 

13.3 

4,5 

—6  5 

- 19,2 

25  9 

/ °c 

to 

o 

16,8 

6.3 

—6  8 

—20.0 

- L'ii.r 

Key:  A - Components  of  the  radiation  balance 

2 - t . , °C  3 - t . , °C 
air’  air(r)’ 


1 - R,  kcal/(cm  )(hr) 


Solution.  1.  We  calculate  the  temperature  regime  of  the  surface  (of  the 

soil  in  suraner  and  the  snow  in  winter)  in  years  with  a cyclonic  type  of 

weather  and  increased  cloudiness  (Table  51),  according  to  the  data  of  which 

at  t . - -4.9  with  consideration  of  At„  it  was  found  that  t . ^ . “ -3.3 
air  k air  (R) 

and  A . ■ 24.4  . 

air(R) 


309 


Table  50 


Data  of  the  radiation  balance  and  air  temperatures  in  years  with 
frequent  cyclones 


A 

Coct^b.t  (■  ► ca 

| i 

l l 

III 

IV 

V 

V! 

Qn  , KHO  7 'CM’MCC 

0.3 

0.6 

1 .6 

2.9 

8.0 

13,0 

[ /.  KA/J.I  f 

1 .2 

1 .3 

1 .5 

1 .7 

2.1 

4.2 

i R,  KKa.1i'C*7MiC 

— 0.9 

0,7 

0.1 

1 .2 

5.9 

8,8 

> *B.  °c 

20  2 

-21  ,4 

-15.0 

-4.2 

3.3 

13.2 

npodc.:*  huc  m ;6i.  50 

A 

CocTaB.i  paAK'u  ca 

VII 

VIII 

IX 

X 

XI 

XII 

Qn,  KKJA.CM-MfC 

10.8 

8.2 

5.1 

1 .8 

0.3 

0,2 

1,  KKCA.'Cm’mCC 

3.0 

3.1 

2.2 

1 .8 

1.2 

1 .1 

i R , kaji. i cM-nec 

7.8 

5.1 

2.9 

0 

- 0.9 

-0.9 

► t».  ‘C 

16,7 

13.3 

4,5 

-2.5 

— 17,5 

—22.9 

2 

Key:  A - Components  of  the  radiation  balance  1 - Q , kcal/(cm  )(month) 

2-1,  kca l/(cnr) (month)  3 - R,  kcal/(cm^) (month)  4 - t . , °C 

a ir 


Table  51 


Key: 


A 

2 


A K/IHMaTM^FCKMe 

XapaKTepHCTHKH 

I 

II 

III 

IV 

V 

VI 

/?,  KKQAlCM^MCC 

0.9 

0.7 

0,1 

1 .2 

5,9 

8.8 

R , SKaA/M^WC 

-12.4 

— 9.6 

- 1.4 

16.4 

80,8 

120.6 

Mr  = — , °C 
* u 

— 0.6 

0,5 

0.1 

0.8 

4.0 

6.0 

°c 

-26,2 

—21.4 

— 14,0 

-4.2 

3.3 

13,2 

'•w  °c 

-26,8 

—21.9 

-15.1 

-3,4 

7.3 

19,2 

ripodoAxeHuc  nu6. i.  51 


A KjiHM«TMqecKHr 

xapaKTrpnc r mkm 

VII 

VIII 

IX 

X 

XI 

XII 

L R.  KKHA/CM^MtC 

7.8 

5.1 

2.9 

0 

— 0,9 

— 0.9 

! R,  KKOAlM7HaC 

106,9 

69,9 

39,7 

0 

— 12,3 

— 12,3 

mr  = — . °c 

5.3 

3 5 

2.0 

0 

- 0,6 

— 0,6 

J °c 

16,7 

13.3 

4,5 

-2,5 

— 17,5 

—22,9 

'*  f»(R)  • 0<- 

22,0 

16,8 

6.5 

-2.5 

-18.1 

—23,5 

2 

- Climatic  characteristics  1 - R,  kcal/(cm  )(month) 

- *’  kcal/(m  )(hr)  3 - "air*  °C  4 - "air (R)»  °C 
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2.  The  height  of  the  snow  on  the  section  is  0.4  m.  With  formula  (5.3.10) 

we  find  At  and  t for  the  conditions  of  the  cyclonic  type  of  weather: 
sn  o 

,VCH  24,4  0,175  4,3°, 

t0  —3,3  4,3  1,0°. 

3.  In  years  with  a number  of  cyclones  in  the  winter  time  close  to  the  average 
annual  value  the  temperature  conditions  on  the  surface  of  the  soil  with  con- 
sideration of  the  radiation  correction  and  the  warming  influence  of  snow  in 
accordance  with  the  data  of  Table  49  obtained  are  as  follows: 

\t„  25,4  • 0,153  3,9°, 

t0  —5,0-;- 3,9  — 1.1'. 

Thus  in  years  with  frequent  winter  cyclones  and  Increased  cloudiness  in  the 
autumn-winter  period  the  temperature  of  the  surface  of  the  soil  can  increase 
by  2.1°  (from  -1.1  to  +1.0°)  on  account  of  reduction  of  the  effective  radi- 
ation. Under  the  conditions  of  the  investigated  region  that  change  will  lead 
to  separation  of  the  seasonally  frozen  layer  from  the  permafrozen  rock  mass. 

/The  radiation- thermal  type  of  taliks,  the  thermal  subtype/.  Regularities  in 
the  formation  of  taliks  relating  to  the  thermal  subtype  should  be  re- 

garded as  a result  of  the  complex  interaction  of  a number  of  factors,  each  of 
which  in  itself  determines  the  conditions  of  formation  of  the  temperature 
regime  of  rocks,  their  seasonal  freezing  and  thawing  and  the  annual  thermal 
cycles.  The  formation  of  taliks  of  the  given  subtype  is  connected  with  pro- 
cesses and  phenomena  which  lead  to  change  of  the  thermal  balance  of  the  sur- 
face. In  this  respect  one  should  above  all  point  out  the  change  of  the  amount 
of  evaporation  from  the  surface  of  the  ground  and  the  formation  of  a positive 
temperature  shift  as  a function  of  different  geological  and  geographical  con- 
ditions. 

2.  The  Role  of  Evaporation  and  the  Positive  Temperature  Shift  in  the 
Formation  of  Taliks  of  the  Thermal  Subtype 

A substantial  Influence  is  exerted  on  the  amount  of  evaporation  by  the  plant 
cover,  the  conditions  of  runoff  and  drainage  of  the  surface,  the  composition 
and  moisture  content  of  the  rocks,  and  also  the  climatic  conditions.  Change 
of  the  amount  of  evaporation  can  lead  to  change  of  the  average  annual  tem- 
perature of  the  rocks  within  the  range  of  several  degrees  and,  consequently, 
evaporation  is  a very  strongly  influencing  factor  in  the  formation  of  the 
temperatures  of  rocks.  Of  great  importance  in  that  case  are  the  composition 
of  the  rocks  and  their  moisture  content,  which  affect  the  formation  of  the 
temperature  regime  through  the  annual  thermal  cycles  which  pass  through  in 
them,  through  the  thermophysical  properties  of  the  rocks  in  the  thawed  and 
frozen  states,  and  also  through  the  phase  transitions  of  water  during  freezing 
and  thawing*.  The  quantitative  aspect  of  that  Influence  is  determined  through 


*Ihe  Influence  of  infiltration  of  atmospheric  precipitations  and  subsurface 
waters  on  the  temperature  regime  of  rocks  is  omitted  here  and  Is  examined 
In  point  6 of  the  present  section  and  section  8 of  Chapter  5. 
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the  temperature  shift.  The  formation  of  taliks  is  connected  with  a positive 
shift  of  the  average  annual  temperatures.  This  is  noted  for  soils  which  in 
the  frozen  state  have  a thermal  conductivity  smaller  than  in  the  thawed.  The 
amount  of  that  shift  usually  is  kept  within  the  range  of  up  to  1,  more  rarely 
2°.  Therefore  the  formation  of  taliks,  connected  with  a positive  temperature 
shift,  is  concentrated  in  frost-temperature  zone  I and  more  rarely  zone  II. 

In  view  of  the  fact  that  the  amount  of  the  temperature  shift  depends  substan- 
tially on  the  composition  and  moisture  content  of  the  soils,  the  average  an- 
nual temperature  on  the  surface  of  the  soil  and  the  continental  character  of 
the  climate,  taliks  whose  formation  is  caused  by  a shift  have  a selective  and 
limited  distribution.  They  are  confined  mainly  to  sections  of  the  propagation 
of  soils  with  a lower  moisture  content  mainly  under  the  conditions  of  a sharply 
continental  climate. 

3.  The  Role  of  the  Snow  Cover  in  the  Formation  of  Taliks  of  the  Thermal  Subtype 

A very  powerful  factor  leading  to  the  formation  of  thermal  taliks  is  the  snow 
cover.  The  snow  cover  is  one  of  the  most  strongly  influencing  factors  increas- 
ing the  average  annual  temperature  of  rocks.  The  amount  of  influence  of  snow 
depends  on  its  height  and  density,  the  time  of  establishment  and  disappearance, 
the  climatic  conditions,  the  character  of  the  plant  cover  and  also  the  compo- 
sition and  moisture  content  of  the  soils.  Of  great  importance  in  that  is  the 
character  and  depth  of  the  seasonal  freezing  and  thawing,  and  also  the  annual 
thermal  cycles  in  the  soils.  Taliks  form,  as  a rule,  in  all  cases  where  the 
warming  effect  of  the  snow  cover  exceeds  the  value  of  the  average  annual  air 
temperature  in  the  region  under  consideration.  Thus,  within  temperature  zone 
I taliks  can  form  at  a height  of  the  snow  cover  of  0.4-0. 7 meter,  at  a height 
of  0. 7-1.2  meter  in  II,  at  1.0-1. 5 m in  III  and  at  more  than  1. 5-2.0  meters 
in  IV  (under  the  conditions  of  their  thawing). 

In  a detailed  consideration  of  this  question  it  is  necessary  to  take  into 
consideration  regularities  in  the  formation  of  the  snow  cover  in  the  course 
of  the  winter  as  a function  of  the  presence  of  thawings,  compaction  and  shift- 
ing of  snow  by  the  stormy  wind.  To  estimate  the  Influence  of  snow  on  the  for- 
mation of  taliks  it  is  advisable  to  determine  the  warming  effect  of  the  snow, 
the  total  for  the  entire  winter,  while  calculating  the  number  of  degrees  by 
which  the  average  annual  temperature  of  the  rocks  is  increased. 

At  a small  height  of  the  snow  cover  (from  2 to  5-10  cm)  in  the  southern  re- 
gions (south  of  latitude  50  ) it  is  necessary  to  take  into  account  the  in- 
fluence of  the  snow  on  change  of  the  albedo  of  the  surface  and  components  of 
the  radiation  balance.  Frequently  in  that  case  for  separate  regions  (the 
Northern  Caucasus),  on  account  of  increase  of  the  albedo  in  a thin  snow  cover 
(2-3  cm)  its  sumnary  effect  iead^  to  a reduction  of  the  average  annual  tem- 
perature of  the  soils  of  up  to  1 as  compared  with  sections  free  of  snow. 

At  larger  thicknesses  (>  1. 5-2.0  meters)  in  northern  regions  the  disappearance 
of  snow  is  delayed  and  the  summer  warming  of  the  soils  is  postponed.  This 
leads  to  some  cooling  of  the  soils  and  reduction  of  their  average  annual  tem- 
perature. The  amount  of  cooling  can  vary  substantially  as  a function  of  the 
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length  of  delay  of  the  disappearance  of  snow.  The  summer  temperatures  of 
the  soils  cannot  exceed  0°  maximally,  when  the  snow  remains  lying  the  entire 
summer  until  the  new  snow  falls. 

At  ordinary  thicknesses  of  the  snow  (from  0. 1-0.2  to  1.0  meter)  the  main  in- 
fluence on  the  temperature  of  the  underlying  rocks  is  connected  with  its  ef- 
fect as  a heat  insulator  with  a definite  thermal  resistance.  Calculations 
taking  into  consideration  the  warming  influence  of  snow  give  an  idea  of  the 
possibility  of  the  formation  of  tallks. 

Calculation  of  the  Critical  Height  of  Snow  at  Which  Taliks  of  the  Thermal 
Subtype  Can  Form  and  Exist  (Example  34) 

Determine  the  possibility  of  existence  of  taliks  on  account  of  the  warming 
influence  of  the  snow  cover  in  a region  where  the  average  annual  air  tempera- 
ture is  -8.3  and  the  amplitude  of  the  annual  temperature  fluctuations  is  44°. 
The  ground  conditions  are  characterized  by  the  distribution  of  sands  in  a 
layer  with  annual  fluctuations  of  temperature.  The  properties  of  the  sands 

are:  )(  - 1300  kg/m  ; w “ 15%;  C • 0.19  kca 1/ (kg) (degree) ; A - 1.5  kcal/ 

s k spec  t 

(m)(hr) (degree).  The  height  of  the  snow  cover  under  natural  conditions  varies 

as  a function  of  the  microrelief  and  vegetation  from  0.5  to  0.7  meter,  the 

density  of  the  snow  is  0.22  and  0.3  g/cc  respectively,  and  T » 3240  hours 

(the  time  from  the  moment  of  establishment  of  the  snow  to  the  moment  of  the 

autumnal  inversion  of  the  sign  of  the  heat  cycle  through  the  surface). 

The  solution  of  the  problem  is  reduced  to  finding  the  critical  height  of  the 
snow  at  which  the  average  annual  temperature  of  the  surface  of  the  soil  under 
the  conditions  of  the  investigated  region  increases  by  more  than  8 . Having 
determined  that  height  it  is  possible  to  say  whether  the  formation  and  existence 
of  taliks  on  account  of  the  warming  influence  of  the  snow  are  possible.  To 
do  that  we  find  the  warming  influence  of  snow  with  a height  of  0.5  and  0.7 
meter,  using  equation  (5,3.5).  The  procedure  of  the  calculations  is  presented 
in  exan^le  10,  On  the  basis  of  the  results  of  the  calculations  we  construct 
a diagram  of  the  variation  of  the  warming  influence  of  snow  as  a function  of 
its  height.  The  starting  data  for  the  calculations  were:  C - 440  kcal/ 

(m^) (degree);  Q,  » 15,600  kcal/(m^J  A - 1,5  kcal/(m)(hr)(de£?ee5. 

V t 

1.  We  find  the  warming  influence  of  snow  with  a height  of  0.5  meter,  a den- 
sity of  0.22  g/cc  and  A • 0.25  kca l/(m) (hr) (degree).  For  the  construction 
of  a diagram  to  solve  transcendental  equation  (5.3.5)  we  are  given  the  fol- 
lowing values  of  At  : 3,  5 and  8 . In  accordance  with  those  values  we  obtain 
all  the  calculation  data  (Table  52).  When  we  have  constructed  the  diagram 
with  the  obtained  data  (Figure  97)  we  find  that  the  warming  influence  of  the 
snow  with  a height  of  0.5  meter  is  6.7  . 

2.  We  find  the  warming  influence  of  snow  with  a height  of  0.7  meter  at  (>  “ 

■ 0.3  g/cc  and  A “ 0.3  kca l/(m) (hr) (degree).  We  are  given  the  following 
values  of  At  : 8 and  10°.  In  accordance  with  those  values  we  obtain  new 

calculation  data  (Table  53).  When  we  have  constructed  the  diagram 
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(Figure  98)  we  find  that  the  warming  influence  of  snow  with  a height  of  0.7 
m reaches  9.3  under  the  conditions  of  the  region. 

Table  52  Calculating  data  for  finding  on  a diagram  the  value  of  the  warming 

influence  of  snow  2lt  with  a height  of  0.5  m 
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Table  53  Calculating  data  for  finding  on  a diagram  the  value  of  the  warming 

influence  of  snow  & t with  a height  of  0.7  m 
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Figure  98.  Diagram  for  finding 

the  wanning  Influence  of  the 

snow  (At  ). 
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Figure  99.  Diagram  of  change 

of  the  wanning  Influence  of  the 

snow  (At  ). 
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3.  We  construct  a diagram  of  the  change  of  the  warming  influence  of  snow 

At  on  its  height  (Figure  99)  and  find  that  at  a height  of  the  snow  of  0.63 

m §Re  temperature  on  the  surface  of  the  ground  is  equal  to  zero,  since  At 
in  that  case  is  equal  to  8.6  . Consequently,  under  the  conditions  of  thesn 
region  taliks  can  form  and  exist  on  sections  where  the  height  of  the  snow  is 
equal  to  or  exceeds  0.65  meter. 

On  sections  with  a small  hummock  microrelief  or  covered  with  a grassy  or 

underbrush  cover  a loose  snow  cover  forms  which  adheres  loosely  (with  the 

formation  of  cavities)  to  the  soil.  The  specific  conditions  of  the  bedding 
of  the  snow  and  the  presence  of  cavities  have  the  result  that  its  warming 
effect,  even  with  a small  height,  reaches  such  large  values  that  under  its 
influence  taliks  form  in  temperature  zones  II  and  III,  where  the  average  an- 
nual temperature  reaches  -3  to  -5  . 

The  formation  of  cavities  under  the  snow  has  a great  effect  on  the  process 
of  heat  exchange  on  the  surface  of  soil  under  snow.  Heat  fluxes  from  the 
soil  and  underlying  rocks  (negative  heat  cycles)  arriving  per  unit  of  surface 
are  carried  off  into  the  atmosphere  only  through  that  part  of  it  on  which  the 
snow  adheres  closely  to  the  soil,  since  molecular  heat  transfer  is  negligibly 
small  through  air  layers.  In  that  case,  on  sections  with  closely  adherent 
snow  the  specific  heat  cycles  passing  through  per  unit  of  surface  increase 
sharply,  and  that  leads  to  increase  of  the  warming  effect  of  the  snow. 

The  intensity  of  heat  fluxes  with  and  without  consideration  of  cavities  will 
be  similar  to  the  flow  of  filtering  liquid  through  the  ground  (porous  media) 
related  to  the  effective  and  actual  coefficients  of  filtration.  By  virtue 
of  that  fact  the  problem  of  heat  transfer  through  snow  with  consideration  of 
cavities  can  be  considered  a linear  problem  by  reducing  the  intensity  of  the 
heat  fluxes  toward  sections  with  a snow  cover  closely  adherent  to  the  surface 
of  the  soil. 

To  calculite  the  warming  influence  of  the  snow  cover  on  the  temperature  of 
the  surface  An  the  presence  of  air  layers  under  it,  it  is  necessary  to  study 
in  the  field  the  conditions  of  bedding  of  the  snow  in  order  to  obtain  a co- 
efficient expressing  the  percentage  of  cavities  per  unit  of  surface.  In  ac- 
cordance with  that  coefficient  the  intensity  of  heat  exchange  through  the 
surface  of  the  soil  which  enters  the  calculating  formula  should  be  increased. 

A general  regularity  of  the  phenomenon  under  consideration  consists  in  the 
fact  that  the  warming  influence  of  the  cavities  forming  under  snow  is  directly 
proportional  to  the  heat  cycles  passing  from  the  soil  through  the  snow  and  the 
latter  in  turn  are  proportional  to  Ijhe  area  (as  %)  with  a closely  ^dherent 
snow  cover  per  unit  of  surface  (1  m ).  Thus,  if  on  an  area  of  l in  the  low 
places  between  hummocks  or  mounds  where  the  snow  adheres  closely  to  the  sur- 
face of  the  soil  occupies  20%,  the  warming  effect  of  the  snow  (At  ) must 
also  be  approximately  20%  greater  than  in  sections  where  other  co^Sitions 
being  equal  the  snow  adheres  closely  to  the  ground  on  the  entire  area.  In 
regions  where  the  warming  influence  of  the  snow  cover  is  great  (in  the  region 

of  Igarka  At  » 7°)  an  Increase  of  At  by  20%  will  give  -1.4°,  and  in  Za- 
sn  sn  ’ 

baykal'ye,  where  Atsn  * 2 it  will  be  increased  by  a to*a l of  0.4°. 
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Thus  the  absolute  value  of  the  increase  of  the  warming  influence  of  snow  as 
a function  of  the  area  of  the  forming  cavities  under  the  snow  will  be  dif- 
ferent in  different  regions  as  a function  of  concrete  geological  and  geo- 
graphical conditions,  in  spite  of  the  fact  that  their  relative  value  (as  %) 
can  remain  constant.  For  more  precise  determination  of  this  effect  it  is 
necessary  to  take  into  account  also  the  fact  that  with  increase  on  account 
of  cavities  of  the  warming  effect  of  the  snow  the  average  annual  temperature 
of  the  ground  changes  and,  consequently,  the  annual  heat  cycles.  The  change 
of  the  latter  will  be  different  in  the  region  of  seasonal  freezing  and  in  the 
region  of  permafrozen  rocks.  In  the  region  of  seasonal  freezing,  during  ele- 
vation of  the  average  annual  temperatures  of  the  ground  the  annual  heat  cycles 
decrease,  and  in  accordance  with  that  the  warming  effect  of  the  snow  also  de- 
er ea ses . 

In  the  region  of  seasonal  thawing  the  reverse  dependence  is  observed:  with 

increase  of  the  average  annual  temperature  the  annual  heat  cycles  and  the 

warming  effect  of  the  snow  increase.  As  is  known,  the  amount  of  change  of 

heat  cycles  as  a function  of  the  change  of  the  annual  average  temperatures 

of  the  ground  can  be  calculated  (see  section  1,  Chapter  4).  The  amount  of 

that  change  will  be  different  for  different  average  annual  temperatures  and 

is  subject  to  latitudinal  geographic  zonation.  Near  the  southern  boundary, 

in  the  region  of  seasonal  freezing,  that  change  will  be  maximal  (during  change 

of  t from  0 to  +1°)  and  further  south  it  will  steadily  diminish, 
m 

It  follows  from  what  has  been  said  that  the  warming  influence  of  cavities 
under  the  snow  consists  of  two  components.  The  first  is  connected  with  the 
fact  that  the  presence  of  cavities  leads  to  increase  of  the  warming  influence 
of  the  snow  on  account  of  reduction  of  the  area  through  which  the  heat  cycles 
pass,  and  the  second  with  change  in  the  number  of  heat  cycles  on  account  of 
change  of  the  average  annual  temperatures  of  the  ground.  In  the  region  of 
seasonal  freezing  the  influence  of  those  two  conponents  is  different,  and  so 
the  general  effect  of  cavities  under  the  snow  will  be  somewhat  smaller.  In 
the  region  of  permafrozen  rocks  the  warming  influence  of  the  cavities  under 
the  snow  increases  sharply  in  comparison  with  the  same  effect  (all  other  con- 
ditions being  equal)  in  the  region  of  seasonal  freezing  of  the  soils. 

The  maximal  value  of  the  warming  influence  of  cavities  under  the  snow  must  be 
noted  near  the  southern  boundary  of  the  region  in  which  permafrozen  rocks  are 
widespread.  To  the  north  and  especially  to  the  south  of  that  boundary  the 
thermal  effect  will  diminish.  Manifested  in  that  is  the  latitudinal  zonation 
of  the  phenomenon  under  consideration.  The  same  should  also  be  noted  as  a 
function  of  the  continental  climate.  Under  the  conditions  of  a sharply  con- 
tinental climate  (Central  Yakutiya  and  Eastern  Siberia)  the  thermal  affect 
of  cavities  will  attain  maximal  values,  and  under  the  conditions  of  a mari- 
time climate  will  decrease  to  a minimum.  The  warming  effect  of  snow  contain- 
ing cavities  must  also  change  in  accordance  with  the  height  zonation.  The 
maximal  changes  will  be  observed  in  that  case  in  the  region  of  the  southern 
boundary  of  permafrozen  rocks  (distinguished  by  latitudinal  zonation).  The 
dependence  of  the  warming  Influence  of  the  snow  on  the  annual  heat  cycles  in 
the  soil  has  the  result  that  on  swampy  sections  the  thermal  Influence  of  cavi- 
ties is  considerably  greater  than  on  drained  sections.  It  should  also  be 


pointed  out  that  of  very  great  importance  in  the  question  under  consideration 
is  the  influence  of  the  plant  cover,  as  distinctive  features  and  the  character 
of  the  latter  determine  the  conditions  of  formation  of  cavities  under  the  snow 
and  their  warming  effect  on  the  soil. 

Comparison  of  the  Warming  Influence  of  Snow  on  Sections  With  Its  Close  and 
Loose  Adherence  (Example  35) 

Calculate  how  the  warming  influence  of  the  snow  cover  with  a height  of  0,2  m 
and  a density  of  0,29  g/cc  (A  ^ 0,2  kca 1/ (m) (hr ) (degree ) varies,  other  con- 
ditions of  its  adherence  to  the  surface  of  the  soil  being  equal.  It  is  known 
that  on  sections  with  a sparse  grassy  cover  the  snow  adheres  closely  and  uni- 
formly to  the  soil  on  that  surface,  and  on  sections  wit^  a dense  underbrush 
under  the  snow,  cavities  form  which  occupy  0,3  m^  per  in  of  surface.  The 
average  annual  air  temperature  is  -10,5°  and  the  annual  amplitude  of  air  tem- 
peratures is  44  , The  soils  in  the  layer  of  annual  temperature  fluctuations 
are  composed  of  sandy  loams  with  thin,  sparse  layers  of  sand,  characterized 
by  the  following  thermophysical  data:  C = 550  kca l/(mJ) (degree),  ^ 

= 1.0  kca  1/ (m)  (hr  ) (degree)  and  Q,  = 18, 6^81"tkca  1/m  . 

The  time  from  the  moment  of  stable  transition  of  the  temperature  through  0° 

(co inc ides  with  the  moment  of  establishment  of  snow)  to  the  moment  of  autumn 
inversion  of  sign  of  the  heat  cycle  through  the  surface  of  the  snow  "C  is  4600 
hours. 

Solution,  1.  We  determine  the  warming  effect  of  the  snow  cover  with  a height 

of  0.2  m on  sections  with  snow  closely  adherent  to  the  surface  of  the  soil. 

We  use  for  that  the  procedure  presented  in  example  10.  The  results  of  the 

calculations  are  presented  in  Table  54.  Having  constructed  a diagram  (Figure 

100),  we  find  that  At  = 2.8°. 

sn 

Table  54  Calculating  data  for  determination  of  At  on  sections  with 
closely  adhering  snow  sn 
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2.  When  the  snow  does  not  adhere  closely  its  warming  influence  increases 
in  proportion  to  the  area  occupied  by  the  cavities.  To  calculate  for 

that  purpose  it  is  necessary  to  increase  Q by  30%,  In  that  case  t^e  data 
for  construction  of  the  diagram  will  be  th§se  in  Table  55.  It  is  evident 
from  the  diagram  that  in  that  case  the  warming  influence  of  the  snow  cover 
is  3.6  , that  is,  when  the  adherence  was  not  close  it  increased  by  0.8  . 
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Table  55  Calculating  data  for  determination  of  A t on  sections  with 
not  close  adherence  of  the  snow 
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Figure  100.  Diagram  for  finding 

the  warming  influence  of  snow  (At 
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U.  Influence  of  Firn  Basins  and  Glaciers  on  the  Formation  of  Taliks  of 
the  Thermal  Subtype 

The  influence  of  thick  firn  basins  and  glaciers  on  the  temperature  field  of 
underlying  rocks  is  a process  still  not  much  studied.  The  temperatures  in 
the  base  of  a glacier  are  determined  by  the  average  annual  temperatures  ' n 
the  ice  mass,  their  amplitudes  on  its  surface,  the  value  of  the  temperature 
gradient  in  the  body  of  the  glacier  and  its  thickness. 

The  average  annual  temperature  is  determined  by  the  radiation  thermal  balance 

of  the  surface  of  the  glacier  and  the  character  of  its  feeding.  Thus  the 

average  annual  temperature  of  a glacier  with  ice  feeding  is  approximately 

equal  to  the  average  annua  1 a ir  temperature,  and  on  sections  with  firn  feeding 

is  considerably  higher.  In  the  first  case  the  average  annual  temperature  of 

the  ice  of  glaciers  of  Franz  Jozef  Land  was  -10  and  -11  , and  under  the  firn 

o y 

caps  increased  to  -3  . The  lowest  annual  average  temperatures  of  glaciers 
of  as  low  as  -30  and  -50  are  noted  in  Greenland  and  Antarctica. 

The  amount  and  character  of  change  of  the  geothermal  gradient  depends  on  the 
values  of  the  thermal  conductivity  of  the  ice,  the  history  of  development  of 
the  glacier  and  its  dynamics,  and  the  heat  fluxes  from  the  depths  of  the  Earth 
In  Antarctica,  according  to  the  data  of  temperature  measurements  in  a drill- 
hole near  the  Vostok  station  the  temperature  gradient  in  the  half -kilometer 
ice  mass  Increased  with  depth  from  0.6  to  0.82  /100  m.  In  the  simplest  case 
(a  stationary  glacier  with  steady  temperature  regime)  the  temperature  gradient 
in  the  ice  is  g^  ■ q/A^,  where  q is  the  heat  flux  from  the  depths  of  the  Earth 
characteristic  of  the  given  geological  structure,  in  kcal/(m  )(hr);  ^ is  the 
thermal  conductivity  of  the  ice,  assumed  to  be  constant  and  equal  to  1.56 
kca 1 / (m ) (hr ) (degree ) . 
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The  motion  of  a glacier  contributes  to  an  elevation  of  temperatures  at  its 
base  as  a result  of  friction  against  the  surface  of  the  rocks  to  O',  which 
makes  possible  the  existence  of  thawed  tocks  under  them. 

The  thickness  of  glacier  covers  reaches  4300  meters  (Antarctica),  3400  meters 
(Greenland),  on  islands  of  the  Arctic  Ocean  it  usually  does  not  exceed  500- 
700  meters,  on  a continent  they  reach  1000  meters  (the  Pamirs),  but  usually 
they  are  measured  in  tens  and  the  first  hundreds  of  meters.  Earlier  it  was 
considered  that  permafrozen  rocks  could  not  exist  under  thick  glaciers.  Ac- 
cording to  recent  data,  permafrozen  rocks  have  been  discovered  under  the 
Greenland  glacier  cap.  The  temperature  at  the  base  of  the  glacier  at  a depth 
of  1400  meters  proved  to  be  -13’.  The  presence  of  permafrozen  rocks  has  also 
been  noted  in  the  edges  of  small  glaciers  of  North  America. 

The  temperature  at  the  base  of  a glacier,  upon  the  assumption  of  a steady 
or  almost  steady  temperature  regime,  can  be  calculated  in  first  approximation 
with  the  formula 

/ / - , 

<2..t  i <■  ; , 

At 

where  t . is  the  temperature  at  the  base  of  the  glacier,  t . is  the  average 
z-i  av-t 

annual  temperature  of  the  ice,  and  z is  the  thickness  of  the  glacier,  in  meters. 

5.  The  Influence  of  the  Flooding  and  Swampiness  of  Sections  on  the  Formation 
of  Taliks  of  the  Thermal  Subtype 

It  has  long  been  established  that  on  the  northern  part  of  the  Western  Siberian 
lowland,  on  swampy  sections,  as  a rule,  the  average  annual  temperatures  of 
rocks  are  higher  than  on  dry  sections.  It  also  is  widely  known  that  in  the 
region  of  Zabaykal'ye  and  the  Far  East,  on  swampy  sections,  the  average  an- 
nual temperatures  are  considerably  lower  than  on  drained  sections.  Near  the 
southern  boundary  of  the  permafrost  region,  within  the  limits  of  the  first 
frost-temperature  zone,  in  the  Western  Siberian  lowland,  taliks  are  concen- 
trated in  swampy  sections,  and  within  the  limits  of  Zabaykal'ye  and  the  Far 
East  on  swampy  sections  permafrozen  rocks  usually  are  noted. 

To  calculate  the  thermal  influence  of  swampiness  in  individual  cases  where 
on  swampy  sections  a layer  of  water  with  an  open  mirror  with  a total  area 
of  more  than  half  the  surface  is  permanently  present,  formula  (5.5.2)  can 
be  used,  which  was  proposed  for  calculation  of  the  thermal  influence  of  small 
drainless  bodies  of  water  (section  5,  Chapter  5).  In  that  case  it  is  neces- 
sary to  take  into  consideration  the  difference  between  the  temperature  of  the 
water  surface  and  the  air,  since  the  albedo  on  swampy  sections  is  small  in 
the  summer  time  and  the  water  cover  is  w.irmed  more  than  the  air. 

In  the  absence  of  a constant  layer  of  water  or  in  the  presence  of  it  in  narrow 
interblock  spaces  the  influence  of  swampiness  on  the  temperature  of  rocks  is 
expressed  above  all  through  change  of  the  value  of  the  warming  influence  of 
the  snow  cover  and  change  of  the  temperature  shift  into  the  layer  of  seasonal 
freezing  (thawing).  Since  swampiness  usually  leads  to  increase  of  the  annual 
heat  cycles  of  the  soil  and  Increase  of  the  difference  of  the  values 
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of  the  coefficient  of  thermo  1 conductivity  of  rocks  in  the  frozen  and  thawed 
states,  the  warming  effect  of  the  snow  and  the  amount  of  the  temperature  shift 
on  swampy  sections  are  larger  than  on  drained  sections. 

As  calculations  have  shown,  swampiness  can  under  different  conditions  be  either 
a cooling  or  a warming  factor.  In  cases  where  on  swampy  sections  in  the  layer 
of  seasonal  thawing  (frezing)  of  rocks  a large  temperature  shift  forms,  severe 
frost  conditions  usually  are  connected  with  swampiness.  Thus,  for  example, 
in  the  Far  ’^ast  the  height  of  the  snow  cover  is  small  (0. 1-0.2  m)  and  the  con- 
tinental character  of  the  climate  is  great  (the  amplitude  of  annual  air  tempera- 
ture fluctuations  is  more  than  40°).  Under  those  conditions  the  warming  ef- 
fect of  snow  on  swampy  sections  does  not  exceed  1-2  and  is  somewhat  smaller 
on  drained  sections.  The  amplitude  of  temperature  fluctuations  on  the  surface 
of  the  soil  is  reduced  very  insignificantly  and  therefore  the  amount  of  the 
annual  heat  cycles  in  the  soil  remains  large,  which  involves  the  formation  of 
a temperature  shift  which  attains  values  of  2-3  . On  drained  sections  the 
temperature  shift  rarely  -xceeds  1 . As  a result^  on  swampy  sections  the 
average  annual  temperature  of  the  rocks  is  1 or  2 lower  than  on  dry  sections. 

In  the  Western  Siberian  lowland  the  thickness  of  the  snow  reaches  0.8-1  m. 

On  swampy  sections  the  heat  cycles  are  large  and  the  warming  influence  of  the 
snow  reaches  7-10°.  On  dry  sections,  in  connection  with  decrease  of  the  heat 
cycles,  the  snow  cover  warms  the  surface  by  not  more  than  5-6  . The  tempera- 
ture shift  on  swampy  sections  does  not  go  beyond  the  limits  of  1 , since  under 
snow  the  amplitude  of  the  temperature  fluctuations  is  sharply  reduced.  As  a 
result,  on  those  sections  the  average  annual  temperature  of  the  rocks  is  al- 
ways considerably  (by  2-3  ) higher  than  on  dry  sections,  which  causes  the 
formation  of  taliks  from  the  surface  at  a different  depth,  depending  on  the 
lower  boundary  conditions.  Thus  the  calculations  explain  why,  when  there  is 
a thick  snow  cover  (0.7-1  meter)  swampiness  leads  an  increase  of  thi  average 
annual  temperatures,  whereas  when  there  is  a small  snow  cover,  on  ln«-  contrary, 
it  leads  to  tntir  sharp  reduction.  The  composition  and  moisture  content  of 
the  rocks  is  vei  y essential  in  this  question.  A maximal  difference  of  the 
thermal  conductivity  of  thawed  and  frozen  rocks  is  noted  for  sands  and  sandy 
loams  when  they  are  completely  saturated  with  water.  By  virtue  of  this  the 
maximal  effect  of  the  phenomenon  under  consideration  is  noted  precisely  for 
those  soils. 

It  is  interesting  to  note  that  a maximal  influence  of  swampiness  is  manifested 
in  the  conditions  of  a sharply  continental  climate  (Siberia  and  the  Far  East). 
Under  the  conditions  of  a maritime  climate  that  influence  is  almost  unnotice- 
able  and  is  connected  with  the  fact  that  the  annual  heat  cycles  of  the  soil 
are  small  there.  The  dependence  of  the  thermal  influence  of  swampiness  on 
the  annual  heat  cycles  determines  its  geographical  zonation  and  height  zona- 
tion.  A maximal  manifestation  of  the  influence  of  swampiness  on  the  tem- 
perature regime  of  the  soils  and  the  formation  of  taliks  is  noted  where  the 
thermal  cycles  are  maximal,  that  is,  near  the  southern  boundary  of  the  region 
of  pernwif rozen  rocks.  To  the  south  and  north  the  thermi  1 cycles  decrease  and 
in  accordance  with  that  there  is  a decrease  in  the  influence  of  swampiness 
and  also  of  the  formation  of  taliks  of  the  therma 1 subtype.  In  the  Far  North, 
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where  the  frost  cond it  ions  are  extremely  severe  and  the  average  annual  tem- 
peratures of  the  rocks  reach  values  of  -7  to  -12°,  on  dry  and  swampy  sections 
no  great  difference  in  the  temperature  regime  is  observed.  A similar  picture 
is  also  observed  for  the  height  zonation. 

Calculation  of  the  Warming  Influence  of  Swampiness  Leading  to  the  Formation 
of  Taliks  of  the  Thermal  Subtype  (Example  36) 

Calculate  what  influence  is  exerted  by  swampiness  on  the  temperature  of  rocks 
under  the  conditions  of  a moderate  maritime  climate  and  a sharply  continental 
climate.  One  of  the  sections  is  located  in  a region  where  t . = -7.0  and 

A . =22  and  the  other  in  a region  where  t . = -6.8°  and  ‘ A . = 23  . 

air  air  air 

In  both  cases  the  snow  reaches  a height  of  0.5  m and  has  a density  of  0.28 
g/cc,  \ = 0.23  kca 1/ (m) (hr ) (degree).  The  time  from  the  moment  of  estab- 

lishmenl!nof  snow  to  the  moment  of  the  autumn  inversion  of  sign  of  the  heat 
cycle  through  the  surface  T under  the  conditions  of  a sharply  continental 
climate  on  swampy  sections  is  4000  hours,  on  drained  sections  is  4300  hours, 
and  under  conditions  of  a moderate  maritime  climate,  on  the  same  sections, 
is  4300  hours. 


The  soils  on  swampy  sections  in  both  regions  were  composed  of  loams  with^small 
peat  inclusions.  Their  properties  are  characterized  by:  ^ = 630  kg/m  ; 


w , = 65% 
vol 


15%;  C , = 770  kca  1/ (m^)  (degree ) : Q,  =*^40,000  kcal/m^; 

un  vol-t  ’ / 

\ ” 0.6,  Xf 

under  consideration  are  loams  with  C = 550  kca l/(m^ ) (degree ) ; Q, 

~ VOl-t  fi 

kca  1/m  ; = 1.2,  = 1.0  kca  1/ (m)  (hr  ) (degree  ). 


1.1  kca 1/ (m) (hr ) (degree).  On  drained  sections  in  the  regions 

" 15,000 


It  also  has  been  established  as  a result  of  frost  investigations  that  on 
swampy  sections  in  a region  with  a sharply  continental  climate  the  radiation 
corrections  for  the  temperature  regime  of  the  surface  are:  <At^  =0.7  and 

AA„  = 1.5;  iri  a region  with  a moderately  maritime  climate  they  are  much  smaller 
ana  are:  At^  = 0.3  and  AA^  = 0.8  . On  drained  sections  those  corrections  are 
AtR  - 0.3°  and  AA^  = 1°  in  the  first  case  and  AtR  = 0.2°  and  AA^  = 0.5°in  the 
second. 


The  plant  cover  exerts  on  all  sections  a warming  effect  on  the  rock  tempera- 
ture. Under  the  conditions  of  a sharply  continental  climate  on  swampy  sec- 

— A O ^ , A . O f-”  ...  . . „ 


tions:  At 


plant 


and  AA  “ 1” 

swamp y^sect ions : 


0.3  ' and  Aa  , =2.5 

plant 

Under  the  conditions  of  a 


on  drained  sections:  At 


plant 


- 0.2 


At 


plant 


- 0.1 


o 


At 

plant 

and  AA  , 

plant 


= 0.3  and  AA 


0.7 


plant 


moderately  maritime  climate 
■ 1.8  ; on  drained  sections: 


Solution.  1.  We  calculate  the  warming  influence  of  snow  similarly  to  exam- 
ple 10  and  the  amount  of  the  tenqjerature  shift  similarly  to  example  9 on 
swampy  sections  in  a region  with  a sharply  continental  climate.  The  average 
annual  temperature  (t  * ) and  the  annual  amplitude  of  temperatures  on  the  sur- 
face of  the  soil  (AM°wlth  consideration  of  AtR  and  At  but  without  con- 
sideration of  the  influence  of  the  snow  are:  P a 
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A/„  —6,8  : 0,7  0,3  —5,8°, 


A/?o  23  ’ 1,5  2,5 


,;9o 


Being  given  in  accordance  with  the  procedure  in  example  10  the  values  At 


7 and  9 at  C 


sn„ 


770  kca 1/ (nr ) (degree) , = 40,000  kcal/m3;  = ""0.6, 

hrs  we 


V \ vol-t  ' ' W V / \uv-6*  «*=  / » < J TV-*  y r\^ , — , 

- = A = 0.25  kcal/(m)(hr)(degree)p  z = 0.5  m;  T = 4000 


* sn  ' ’ “ ' ’ sn 

obtain  the  following  calculation  values  (Table  56). 


Table  56  Calculation  data  for  determining  At  ^ on  swampy  sections 


A 

j — 1 

B 

F 1 

p 

E 

;G 

A'c„-  ‘C  , 

<c 

i 

A,.  *C 

1 - 

^ - | 

[i.c. « 

V. 

1 MtCW/M* 

t . *cl  °f"*  , 

0.  j 

7 

I-H.2 

! .5 

1 .40 

0.7 

0.7-1 

57620 

—21 ,0 

Q O 

47  200 

9 

I t 3.2 

13 

1.05 

s.o 

o.51 

44  COO 

— 21 ,0 

| -6-5 

58  000 

Key:  A - At  , °C 

sn* 

E - t , °C 
sn 


B - A 

r 

F - t 


C ^ 2c* 


ID 


o-wtr  * 


°C  G - Q , kcal/m2 
sn 


D - Q , kcal/m“ 
gr* 


With  the  data  of  Table  56  we  construct  a diagram  (Figure  101)  from  which  we 
find  that  Atgn  - 8.0  . Consequently,  the  temperature  regime  on  the  surface 
of  the  soil  under  a snow  cover  is  characterized  by 

t0  = — 5,8  H 8,0  2,2* 

A0  22  — 8 1 4°. 


For  the  starting  data:  t = 2.2°;  A = 14.0°;  = 0.6,  \c  - 1.0,  = 

° 0 t t 1 im 

0.82  kca 1/ (m) (hr ) (degree) ; T = 4000  hours,  we  find  the  temperature  shift. 
Being  given  in  accordance  with  the  procedure  in  example  9 the  values  of  A.t , , 
equal  of  1,  2 and  3 , we  obtain  data  (Table  57)  for  the  contructlon  of  a 
diagram  (Figure  102).  from  which  we  find  that  At.  - 1.8°.  Consequently, 
tj  - 2.2  - 1.8  - 0.4  . A 


a ♦ 

c ' t*  • •» 


0,  ‘ * 


Figure  101.  Diagram  for  finding 

At  . a - At  , C b-Q,  kcal/m^ 
sn  sn 


Table  57  Calcul.  tion  data  for  determin ingAt^  on  swampy  sections 


AV  * 

V ‘c 

5.  - 

'•cp-  ”c 

OW^  V1  > *«  - *'kr 

np 

1 .0 

1.2 

1,25 

7.4 

2,2 

3.0 

-0.8  1 

1,0 

7.2 

1,4 
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Figure  102.  Diagram  for  finding  Ati  Figure  103.  Diagram  for  findingAt 

A i O-,  , ...  2 sn 

a - At  , C b-q,  kcal/m 

sn 

2.  We  calculate  the  warming  influence  of  snow  and  the  amount  of  the  tempera- 
ture shift  on  drained  sections  in  a region  with  a sharply  continental  climate 
Without  consideration  of  the  influence  of  the  snow  but  with  consideration  of 

the  influence  of  At„  and  At  , , t and  A are  equal  to 

R plant  o o 


— 6,8  4 0,3  ; 0,2  = 6, 3°. 
A;  , 22  4 1,0  23°. 

,o 


Being  given  At  * 4,  6 and  7 , we  obtain  at  C = 550  kcal/(m  ) (degree),  Q ■ 
SQ  . t 

= 15,000  kfcal/m  ; Xt  - 1.0,  - 0.25  kca  1/ (jn)  (hr ) (degree)  and  T” « 4300  hrs 

the  following  data  (Table  58).  Having  constructed  on  the  basis  of  the  data 
of  Table  58  a diagram  (Figure  103),  we  find  that  Atrri  = 6°.  Consequently, 

t - -6.3  + 6 - -0.3°  and  A = 23  - 6 = 17°. 

o o 


sn 


Table  58  Calculating  data  for  determining  At  on  drained  sections 

sn 


A 

: 

D ,, 

E 

F 

i g o " 

i'cH-  ■C 

*c 

A,.  K. 

{.  M 

Arn.  °C 

_ c? 1 

1",  i M 

• .•cl 

ClT 

1 . *t 

,.  SUM 

''CM* 

. *•* 

4 

-2.3 

19 

2.20 

9.7 

1.60 

38  939 

-21 

— — 14,2 

29  240 

G 

0.3 

17 

2.43 

7 ,6 

1.77 

41  265 

-21 

— 11  .5 

40  850 

7 

40.7 

10 

2,30 

7,4 

1.79 

40  805 

-21 

- 10.2 

46  440 

Key:  As  for  Table  56 

Table  59  Calculating  data  for  determining  Atsn  on  swampy  sections 


i 

*'<n-  ‘C  j 

T 

A,.  < 

i-  * 

B 

-cp-  < 

r"; 

D 

°'P'  , 

1/M* 

'a.-* 

fP- 

, w.'V 

c — 

<*«.’ 

u * 

1 

-5.4 

9.0 

0.3 

7.3 

0 , 1C 

13610 

12,3 

29.6 

11  610 

2 

— 4,4 

8,0 

0.4 

G.l 

0,17 

17451 

-12,3 

— S .3 

17  200 

4 

-2,4 

6,0 

0,4G 

4,2 

0,18 

19  309 

— 12,3 

— 5 6 

2S.S10 

Key:  As  for  Table  56 
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The  temperature  shift  on  drained  sections  is  found  at  the  following  initial 

data:  t ” -0.3°,  A “ 17°,  X “ 1.0,  X *■  1.2  kca  1/ (m)  (hr ) (degree ) ; = 

o 3 o c i ^ / 

- 15,000  kcal/m  . With  a nomogram  (Figure  33)  we  find  that  A t ~ 1 . Con- 
sequently, on  those  sections 

U 0,3  1,0  —1,3°. 

Thus  the  calculations  showed  that  under  the  conditions  of  a sharply  conti- 
nental climate  at  a sufficiently  large  height  of  the  snow  cover  the  swampi- 
ness exerts  a substantial  warming  influence  in  comparison  with  drained  sec- 
tions (t^  “ -1.3  ) and  can  lead  to  the  formation  and  existence  of  taliks. 

3.  We  calculate  At  and  At^  on  swampy  sections  in  a region  with  a moder- 
ately maritime  cllmf?e.  Without  consideration  of  the  influence  of  snow: 


I o - 7,0  0,3 0,3  . 6,4°. 

A'o  11-:- 0,8— 1.8  10°. 


Being  given  in  accordance  with  the  procedure  of  example  10  the  values  At 
= 1.2  and  4°  at  Cvol_t  - 770  kca 1/ (m3 ) (degree ) , - 40,000  kcal/m3;  \t  -n 

kca 1/ (m) (hr ) (degree)  we  obtain  the  following  calculating  data  (Table  59); 

z - 0.5  m;  T"  = 4300  hours, 
sn 


0.25 


Having  constructed  a diagram  in  accordance  with  the  data  of  Table  59  we  find 

that  At  ” 2.1°  (Figure  104).  Consequently  t = -4.3°;  A = 7.9°;  X = 0.6, 
sn  o o ’ t * 

- 1.1,  Xf  - 1.0  kca 1/ (m) (hr ) (degree) ; - 40,000  kcal/m3  we  find  the 

temperature  shift.  Being  given  in  accordance  with  the  procedure  of  example 
9 the  values  of  At^  - 0.2,  0.5  and  1 , we  obtain  the  calculating  data  (Table 
60),  after  plotting  which  on  the  diagram  we  find  that  Ati  ^ 0.3°.  Consequent- 
ly t . - -4.3  + (-0.3)  - -4.6°.  / 


Figure  104.  Diagram  for  finding  At  . Figure  105.  Diagram  for  finding 

a - At  °C  b - Q,  kcal/m  Sn  At  . a 4*  b as  for  Figure  104. 

sn,  sn  ° 

4.  We  calculate  At  and  AtA  on  drained  sections  in  a region  with  a mod- 
erately maritime  climate.  Without  consideration  of  the  influence  of  snow 
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to  — 7,0  -0,2  : 0,1  —6,7’, 

A0  11  0,5  -0,7  10,8°. 


Being  given  the  values  of  At  of  1°  and  2°  at  the  initial  data  C , = 550 

„ sn  2 vol-t 

kcal/(m  )(degree);  Q,  = 15,000  kcal/m  ; > = 1.0,  X = 0.25  kca 1/ (m) (hr ) 

f>  t sn 

(degree);  T*  = 4300  hours,  we  obtain  data  for  the  construction  of  a diagram 
(Sable  61). 


Table  60  Calculating  data  for  determining  At,  on  swampy  sections 


AV  “c 

t.,  °c 

4 

V’c 

'-''Vi  V7'  V'\. 

x X 

0,2 

-3.2 

0,5 

5,5 

0,35 

0,5 

-3,5 

<MG 

5,7 

0.3 

Table  61  Calculating  data  for  determining  Atgn  on  drained  sections 


. 

A:  . *C 

r0.  °C 

A0.  eC  ' 

* 

A ...  ‘C 

r i 

1 V, 

C- 

! 

t . ed 

1 o , 
c,!  , 

“ CH* 

P I 

1 KKa.il  M 1 

CM 

8. 

^ >. ».  r.  t k 1 

1 

— 3 , 7 

9.8 

0 75 

6.8 

0.45 

12  315 

— 12.3 

10. 1 

8 600 

2 

— 1.7 

8.8 

0.^5 

6,/ 

0,45 

1 1 352 

- 12,3 

9.0 

14  1'JO 

Key:  As  for  Table  56 

Having  constructed  a diagram  (Figure  105)  we  find  that  At  = 2°  and  then 

sn 

t„  -6,7 -f  2 4,7°, 

Au  10,8  — 2 -=8,8°. 

We  find  At  ^ corresponding  to  the  following  data:  t - -4.7°,  A = 8.8°; 

V ” 1.0;  X - 1.1  kcal/(m)(hr)(degree);  Q,  - 15^000  kcal/m3. ° On  the 

C 1 * o 

basis  of  a nomogram  (Figure  33)  we  obtain  <At^  ~ 0.18  . Therefore 

/;  - — 4,7  - (—0.18)  =,  — 4,9°. 

Consequently,  under  the  conditions  of  a moderately  maritime  climate  on  both 
drained  and  swampy  sections  the  warming  influence  of  snow  and  the  temperature 
shift  are  similar  in  value.  As  a result  of  their  summary  influence  the  aver- 
age annual  temperature  of  the  rocks  on  the  two  sections  remains  negative  and 
substantially  lower  in  value  than  on  the  corresponding  sections  with  a sharp- 
ly continental  climate. 
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6.  The  Influence  of  Infiltration  of  Precipitations  on  the  Formation  of 
Taliks  of  the  Radiation-Infiltration  Subtype 

The  type  of  talik  is  rad iat lon-therma 1 and  the  subtype  is  rad  lat ion- inf iltra- 
tion.  A great  influence  on  the  formation  of  such  taliks  is  exerted  by  infil- 
trating atmospheric  precipitations. 

On  sections  composed  of  coarse  well-filtering  rocks,  in  the  summer  atmospheric, 
precipitations,  filtering,  carry  additional  heat  into  the  soils.  In  the 
region  of  propagation  of  perraafrozen  rocks  in  the  layer  of  summer  thawing 
the  entire  store  of  heat  in  the  infiltrating  precipitations  goes  to  elevate 
the  temperature  of  the  layer  of  thawing  and  for  phase  transitions  of  the  ad- 
ditional depths  of  thawing.  In  first  approximation  this  can  be  quantitatively 
considered  reduced  by  the  above  formula  (5.8.3).  For  practical  calculations 
with  that  formula  it  is  necessary  to  take  from  meteorological  handbooks  the 
monthly  or  10-day  sums  of  the  precipitations  falling  in  summer  and  the  average 
monthly  and  average  10-day  air  temperatures  respectively.  It  is  assumed  that 
the  precipitations  enter  the  soil  with  a temperature  equal  to  the  air  tem- 
perature. Therefore  the  summarv  heat  flux  (v  x t x C , ) entering  the 

prec  air 

soil  with  precipitations  can  be  determined  as  the  sum  of  the  product  of  the 
monthly  (10-day)  sums  of  the  precipitations  times  the  average  monthly  (10-day) 
air  temperature  during  the  entire  sunnier  period. 

Calculation  of  the  Possibility  of  Existence  of  Taliks  on  Account  of  Infil- 
tration of  Atmospheric  Precipitations  (Example  37) 

In  the  investigated  region  on  sections  of  terrace  composed  from  the  surface 
to  a depth  of  at  least  10  meters  of  sands,  taliks  are  developed.  In  the 
sands  there  is  a water-bearing  horizon,  the  level  of  which  fluctuates  in  the 
range  of  3 meters,  and  the  water  temperature  in  the  course  of  the  summer  var- 
ies insignificantly  and  on  the  average  is  +0.5  . On  sections  of  the  same 
terrace,  where  the  sand  deposits  are  covered  from  the  surface  with  loams  1 
or  2 meters  thick,  permafrozen  rocks  are  distributed.  The  conditions  on  the 
surface  of  the  sections  differ  slightly:  on  thawed  sections  the  plant  cover 
consists  of  sparse  pine  forest  with  an  admixture  of  birch,  with  sparse  under- 
brush and  herbage.  On  sections  with  permafrozen  rocks,  green  mosses  are  en- 
countered in  patches,  not  more  than  2-3  cm  in  height.  The  snow  height  on 
both  those  sections  reaches  0.3  m and  its  density  is  0.17  g/cc  on  the  average. 
The  climatic  conditions  are  characterized  by  t , - -1.2°  and  A , - 4.4°, 
and  the  regime  of  fall  of  sumner  precipitations  Is  determined  by  the  data 
in  Table  62. 

Table  62  Characteristics  of  precipitation  in  the  summer  period  and  cal- 
culating data  for  determination  of  Lt 


A 

riOKaj.1TC.1M 

V 

VI 

VII 

Vlll 

K4 

IX 

— 

~U,K 
V -IX 

B onc,  mm 

■10 

30 

70 

60 

80 

2?Gl 

c «C 

+3,8 

10,7 

13,5 

15,0 

7.3 

BC  — voc  (/H  0,5) 

HO 

300 

001 

8/0 

511 

Key:  A - Indicators  B - oc  « precip  C - B - air 
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On  sections  composed  from  the  surface  of  sands  the  precipitations  completely 
infiltrate  into  the  deposits.  On  sections  composed  of  loams  in  the  layer  of 
seasonal  thawing,  the  precipitations  go  out  into  the  surface  runoff. 

The  plant  cover  has  a cooling  effect  on  the  rock  temperatures:  Tit  = -0.2° 

and  Aa  , - 0.8°.  Plant 

plant 

.The.  soils  on  the  sections  are  characterized  by  the  following  properties:  the 
sands  have  V - 1250  kg/m  ; w = 12%;  A £ X * 1.5  kca 1/ (m) (degree) (hr ) ; 

S K ^ L 

C - 370  and  C , , = 310  kcal/(m  )(degree);  Q = 9600  kcal/in  ; the  loams 

vol-t  vol-f  r 

have  = 1150  kg/m2 3;  w - 20%;  » 1.0  and  - 1.2  kca 1/ (m) (degree ) (hr ) ; 

C ~ 400  kca 1/ (m  )(degree);  Q = 16,000  kcal/m3.  It  is  required  to 

vol-t  n 

determine  the  conditions  of  existence  of  a talik  on  sections  composed  from 

the  surface  of  sands. 

Solution.  1.  We  determine  the  temperature  regime  on  the  surface  of  soil  on 

both  sections  with  consideration  of  the  plant  and  snow  covers  (with  5.3.10): 

t = 22  x 0.188  = 4.1°.  Consequently 
sn 

t0  —4,2  : 4,1— 0,2  0,3°; 

Aa  22  — 4,1—0,8  17,1s. 


2.  On  sections  composed  from  the  surface  to  a depth  of  1-2  m of  loams,  in 
the  layer  of  seasonal  thawing  a temperature  shift  forms.  We  find  it  with  a 
nomogram  (Figure  33)  for  the  following  starting  data:  t = -0,3°,  A = 17.1° 

X = 1.0  and  A - 1.2  kca 1/ (m) (degree) (hr ) ; Q - 16,000  Rcal/m  . In°that 


case  At\  - 0.8 


Consequently, 


* 

-0.3  - -0.8  - -l.l' 


3.  On  sections  composed  from  the  surface  of  sands  there  is  infiltration  of 
atmospheric  precipitations  into  the  deposits.  As  a result  of  convective  heat 
exchange  the  temperature  of  the  rocks  rises.  We  find  the  warming  influence 
of  the  infiltrating  precipitations  with  formula  (5.8.3),  taking  into  account 
that  in  the  process  of  infiltration  the  water  is  cooled  to  +0.5°,  reaching 
the  level  of  the  ground  waters  at  a depth  of  30  m: 


fa 


OC 


■ 


1 1 . Oj 

/.  r 


I £2  I i 
1,5  i 


4.  We  find  the  average  annual  temperature  of  the  rocks  on  sections  where 
the  infiltration  of  atmospheric  precipitations  occurs  freely: 

/;  = /0rA/cc  —0,3 + 0,6  = 0,3'. 

Under  those  conditions  the  depth  of  the  seasonal  thawing  will  be  3 m. 

Thus  the  infiltration  of  atmospheric  precipitations  on  sections  composed  from 
the  surface  of  sands  assures  the  conditions  of  existence  of  a talik. 


Besides  the  considered  approximate  method  of  calculating  the  thermal  influ- 
ence on  rocks  of  the  infiltrating  atmospheric  precipitations,  in  section  4 
of  Chapter  9 was  presented  the  solution  of  a unidimensional  problem  of  the 
thawing  of  coarsely  dispersed  soils  with  consideration  of  the  infiltration 
of  sunnier  precipitations  on  digital  computers. 

7.  The  Influence  of  Water  Covers  and  the  Composition  of  the  Bottomset  Beds 
on  the  Formation  of  Taliks  of  the  Underwater  Type 

Type  of  taliks  --  underwater-therma 1 (hydrogenous),  subtype  --  shelf. 

Taliks  of  the  underwater  type  are  encountered  in  bottomset  beds  of  the  sea 
shelf,  under  lakes  and  under  riverbeds.  The  thickness  and  composition  of  the 
layer  of  water  in  water  bodies  to  a considerable  degree  determines  the  struc- 
ture of  the  radiation- thermal  balance  of  the  surface  and  the  thermal  regime 
of  the  bottomset  beds. 

The  thermal  state  of  the  bottomset  beds  within  the  limits  of  the  shelf  is 
determined  by  the  temperature  of  the  bottom  layers  of  water  in  the  course  of 
the  year.  In  that  case,  depending  on  the  depth  and  salinity  of  the  water, 
there  can  be  two  cases:  the  first,  when  the  temperature  in  the  bottom  layer 

remains  above  zero  during  the  entire  year,  and  the  second,  when  a positive 
temperature  is  observed  only  in  the  sunnier  period.  In  the  latter  case  the 
bottomset  beds  freeze  seasonally  and  therefore  in  the  hydrogeological  sense 
as  a feeding  region  they  are  switched  off  in  the  winter  period. 

When  there  is  a negative  average  annual  temperature  in  the  bottom  layers  of 
the  water  on  sections  of  the  shelf  there  will  be  permafrost  of  the  bottomset 
beds.  Most  often  in  that  case  the  temperature  of  the  deposits  at  great  depths 
of  the  body  of  water  is  kept  at  about  -1.9  (the  freezing  point  of  sea  water). 
Under  those  conditions  the  taliks  in  the  bottomset  beds  belong  to  the  class 
of  infiltration  and  pressur ized-f i ltrat ion  and  to  the  subclass  of  cryohydro- 
halinic.  The  temperature  of  the  rocks  in  those  taliks  usually  is  below  0°, 
but  the  rocks  contain  no  ice.  The  upper  part  of  the  talik  within  the  range 
of  negative  temperatures  is  in  essence  a zone  of  frozen  rock  masses.  The 
thickness  of  the  latter  can  be  calculated  in  accordance  with  the  geothermal 
gradient  and  the  temperature  regime  on  the  surface  of  the  bottomset  beds. 

The  indicated  taliks  are  a zone  of  active  water  exchange  during  the  entire 
year. 

Type  of  taliks  --  underwater-thermal,  subtype  --  underlake.  In  fresh  bodies 
of  water  the  layer  of  water  has  a warming  influence  on  the  temperature  of 
the  rocks,  protecting  them  against  severe  winter  cooling.  At  a depth  of  bodies 
of  water  surpassing  the  depth  of  their  freezing,  the  bottomset  beds  remain  in 
the  thawed  state  the  year  round  and  have  a positive  average  annual  tempera- 
ture. At  a depth  of  the  body  of  water  below  the  depth  of  freezing  the  bottom- 
set  beds  freeze  with  the  formation  of  either  seasonally  frozen  or  permafrozen 
rocks.  The  formation  of  taliks  in  bottomset  beds  under  the  influence  of  lakes 
must  be  regarded  in  connection  with  the  composition  of  the  deposits.  If  they 
are  composed  of  non-filtering  or  poorly  filtering  rocks,  the  taliks  could 
exist  on  account  of  conductive  heat  transfer.  But  if  they  are  composed  of 
rocks  which  filter  well,  their  existence  involves  convective  heat  transfer. 
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At  a depth  of  the  body  of  water  greater  than  the  depth  of  its  freezing  the 
tempo  ture  of  the  bottomset  beds  is  kept  above  0 during  the  entire  year, 
and  this  leads  to  the  formation  of  a talik.  The  thickness  of  the  talik  de- 
pends on  the  width  of  the  body  of  water  and  the  thickness  of  the  permafrozen 
rock  masses  in  the  coastal  massif,  and  also  the  time  of  existence  of  the  lake. 
If  the  thickness  of  the  frost  (£  ) exceeds  the  width  of  the  lake  (B),  then 

in  the  case  of  absence  of  convective  heat  exchange  in  the  bottomset  beds  un- 
der the  lake  a non-permeating  talik  will  occur.  The  time  of  formation  of  that 
talik  and  its  configuration  can  be  determined  with  the  following  calculating 
procedure. 

Calculation  of  the  Time  of  Formation  of  a Talik  and  Its  Configuration  (With 
the  Method  of  D.  V.  Redozubov)  Under  a Thermokarst  Lake  (Example  38) 


The  lake  is  situated  on  a lake-alluvial  plain  composed  of  a mass  of  silty 
light  and  medium  sandy  loams  similar  in  composition,  ^n  the  frozen  state  the 
specific  gravity  of  the  rock  skeleton  ¥ *s  1000  kg/m  on  the  average,  wyr)j  = 

= 40%;  \ “ 1.3  kca 1/ (m) (hr ) (degree) ; Q.  = 32,000  kcal/m^.  The  average  an- 

nual temperature  of  the  permafrozen  lake-alluvial  deposits  surrounding  the 
talik  is  -7  , and  the  geothermal  gradient  in  the  frozen  rock  mass  (g)  is  close 
to  0 . The  dimensions  of  the  lake,  which  is  oval,  are  100  x 70  m,  and  its 

o 

depth  is  1.8  m.  The  average  annual  air  temperature  in  the  region  is  -13.5 
and  the  average  amplitude  of  temperatures  is  44  . The  thickness  of  the  snow 
on  the  lake  reaches  0.3  m and  its  density  is  0.25  g/cc.  The  thickness  of  the 
ice  (H^)  in  stagnant  bodies  of  water  of  that  region  reaches  2.2  m. 

Solution.  1.  To  determine  the  configuration  of  the  talik  under  the  lake, 
and  later  the  time  of  its  formation,  it  is  necessary  to  determine  the  tem- 
perature regime  of  the  bottomset  beds  at  a depth  of  1.8  m.  In  accordance  with 
the  procedure  of  example  1 7 we  find  successively: 


hi  !,* 


A/c„  22-  0,15.3  3,4J  (no  5.3.10), 

t0  -13,5  3,4  -10,1°, 

,10  22  — 3,4  18.6°. 

'„„kc  3.5°,  28.7°. 


2,2  1 ,8 

— • ( ’28.il'1  8 , 

2,2 


1,7’  (no  5.5.1). 


2.  With  formula  (5.5.2)  we  find  the  depth  of  the  lake  at  which  the  isotherm 
of  the  zero  annual  average  temperature  passes,  below  which  on  bank  slopes  the 
talik  starts: 
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28.7  ) 


1 ,54  .if. 


3.  We  determine  the  configuration  of  the  talik  under  the  lake  at  the  moment 
of  the  steady  temperature  regime  with  the  method  of  D.  V.  Redozubov  (see  sec- 
tion 6,  Chapter  3).  For  the  given  case,  assuming  the  origin  of  the  coordin- 
ates to  be  on  the  left  bank  of  the  lake  (Figure  106),  we  obtain  an  expression 
for  the  temperature  of  the  bottomset  beds  at  any  point  (x,  z ) of  the  region: 
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Figure  106.  Configuration  of  talik 
under  lake  at  the  moment  of  steady 
temperature  regime:  1 - lake;  2 - 

talik  under  lake;  3 - boundary  of 
frozen  and  thawed  rocks;  4 - frozen 
rock  mass. 


Figure  107.  Layered  frozen  rock  mass 
forming  as  a result  of  the  riverbed 
dynamics:  1 - loam;  2 - sandy  loam; 

3 - sand  containing  gravel;  4 - coarse 
gravel;  5 - limestone;  6 - marl;  7 - 
fault  with  fractured  zone;  8 - bound- 
ary of  permafrozen  rocks. 
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The  results  of  calculations  for  10  points  at  arbitrary  values  of  x and  z are 
presented  in  Table  63.  On  the  basis  of  those  data,  on  Figure  106  is  shown 
the  configuration  of  the  talik.  the  depth  of  which  reaches  15.2  meters. 

Table  63  Calculation  data  for  determining  the  configuration  of  a talik 
under  a lake  by  the  method  of  D.  V.  Rodozubov 


jr,  m 
Z.  M 


I.  °C 


5 

5 

5 

5 

10 

15 

-0.5 

2.3 

2.0 

40 

20 

40 

20 

."0 

20 

5 

10 

10 

15 

15 

20 

1.2 

0.? 

0.7 

- 0,45 

0.5 

1.0 

330 


4.  We  find  the  time  of  forntition  of  the  talik  with  the  approximate  Stefan 
formula  (3.7.7).at  the  starting  data  \ = 1.3  kca 1/ (m) (hr ) (degree ) , Q.  = 

= 32,000  kcal/m  , t = 1.7°  and  H « 15.2  meters: 

H'-Qj,  • 3.  ooo _ 3345376  *<ar=i;.382  eoda. 

>t  1.31,7 

Thus  under  the  lake  a talik  with  a depth  of  15.2  meters  could  have  formed  in 
382  years. 

/Type  of  taliks  --  underwater-therma 1 , subtype  --  under-riverbed/.  Taliks 
under  riverbeds,  just  like  those  under  lakes,  are  connected  with  the  warming 
influence  of  the  layer  of  water  covering  the  bottomset  beds.  Therefore  the 
above-considered  regularities  of  the  formation  of  taliks  under  lakes  remain 
valid  also  for  those  under  riverbeds.  At  the  same  time,  there  are  differences 
between  them  which  relate  above  all  to  distinctive  features  of  the  temperature 
regime  of  the  layer  of  water  in  the  summer  and  winter  periods,  and  also  dis- 
tinctive features  of  the  formation  of  the  ice  cover.  The  temperature  regime 
of  the  water  in  the  rivers  differs  above  all  on  account  of  the  flow  of  the 
water.  In  the  summer  period  this  leads  to  a certain  reduction  of  temperature 
of  the  water  in  the  river,  and  in  winter  to  a reduction  of  the  depth  of  freez- 
ing of  rivers  as  compared  with  lakes.  The  latter  has  the  result  that  the  for- 
mation of  taliks  under  riverbeds  usually  involves  smaller  depths  of  rivers 
than  of  lakes.  When  the  bottomset  beds  are  composed  of  non-filtering  or  poor- 
ly filtering  rocks,  the  taliks  under  riverbeds  belong  to  the  class  of  anhy- 
drous, subclass  thermal.  The  type  of  talik  — permeating  or  nonpermeating  -- 
is  determined  by  the  depth,  width  and  regime,  and  also  by  the  dynamics  of  the 
riverbed  and  history  of  development  of  the  valley.  Often  when  the  riverbed 
is  wide  enough  and  the  river  deep  enough  nonpermeating  taliks  of  small  thick- 
ness are  noted  where  according  to  the  temperature  conditions  of  the  river  cur- 
rent they  ought  to  be  permeating.  Those  taliks  are  connected  with  an  inten- 
sive shift  of  the  riverbed  under  conditions  of  continuous  permafrozen  rocks 
within  the  limits  of  the  valley  profile.  On  stable  sections  of  the  riverbed, 
where  a rather  thick  layer  of  water  exists  a long  time,  taliks  form  with  an 
almost  stationary  temperature  field.  By  virtue  of  that,  when  the  talik  is 
wide  enough  it  usually  is  permeating.  In  the  presence  of  intense  dynamics 
(shifting)  of  the  riverbed  taliks  can  form  which  are  underlain  by  continuous 
permafrozen  rock  masses,  that  is,  inter  layered  by  thawed  and  frozen  horizons 
(Figure  107). 

Buried  taliks  of  the  sub-bed  type  can  often  be  encountered  in  the  vallavs  of 
large  rivers.  Their  formation  is  connected  with  shift  of  the  riverbed  and 
the  formation  in  its  place  of  sand  islands,  on  which  from  the  surface  there 
is  perennial  freezing  of  deposits.  With  time  the  buried  talik  under  the 
riverbed  can  freeze  completely.  On  the  basis  of  the  character  of  the  bedding 
of  the  permafrozen  rock  mass  and  its  temperature  regime  on  those  sections  it 
is  possible  to  determine  by  calculation  the  time  of  existence  of  the  talik 
under  the  riverbed  and  its  freezing  rate. 

The  probability  of  the  formation  of  permeating  taliks  as  a function  of  the 
temperature  regime  and  the  thickness  of  the  permafrozen  rock  masses  on  river 
banks  and  the  temperature  regime  of  the  river  flow  can  be  calculated  as  follows. 
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Determination  of  the  Character  oftheTalik  Forming  in  a Weakly  Filtering 
Alluvium  Under  a Riverbed  (Example  39) 

The  bottomset  beds  under  a riverbed  are  composed  of  poorly  filtering  loams. 
The  conditions  on  the  investigated  section  are  as  follows:  on  the  left  of 
the  riverbed  extends  a narrow  flood  plain  composed  of  permafrozen  sandy  loams 
and  loams,  the  average  annual  temperature  of  whicn  is  -0.5  . On  the  right 
the  river  undercuts  a steep  scarp  of  the  first  terrace  above  the  flood  plain, 
composed  of  permafrozen  sands  with  an  average  annual  temperature  of  -2.5  . 

The  temperature  gradient  in  the  frozen  rock  mass  is  0.02  deg/m  on  the  aver- 
age. The  river  bed  is  60  m wide  and  the  average  annual  temperature  of  the 
water  in  the  bottom  layers  is  +1.5  . 


Solution.  We  find  the  configuration  of  the  talik  under  the  riverbed  at  the 
moment  of  the  established  temperature  regime  with  the  method  of  D.  V.  Redo- 
zubov.  For  the  given  case,  assuming  the  origin  of  the  coordinates  to  be  on 
the  left  bank  of  the  lake  (Figure  108),  we  have  an  expression  for  the  tem- 
perature at  any  given  point  (with  respect  to  x and  z)  in  the  region  of  the 
investigations: 
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The  results  of  the  calculation  for  17  points  at  arbitrary  given  values  of  x 
and  z are  presented  in  Table  64  and  on  Figure  108.  Those  data  testify  that 
a permeating  talik  forms  under  the  riverbed. 


Table  64  Calculation  data  for  deter- 
mination of  the  configuration  of  a 
talik  under  a riverbed  by  the  method 
of  D.  V.  Redozubov 
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Figure  108.  Configuration  of  a talik 
under  a riverbed  at  the  moment  of  the 
established  temperature  regime:  1 - 
river;  2 - talik  under  river;  3 - 
boundary  of  frozen  and  thawed  rocks; 

4 - frozen  rock  mass. 


Taliks  of  the  sub-riverbed  subtype  which  form  in  the  presence  of  well-filter- 
ing bottomset  befls  belong  to  the  class  of  ground-filtering  and  infiltration 
and  the  thermal  subclass.  The  warming  influence  of  the  water  flow,  the  depth 
of  which  is  greater  than  the  depth  of  freezing,  besides  a thermal  Insulation 


332 


effect  which  determines  the  conductive  heat  exchange  in  the  bottomset  beds, 
is  accomplished  through  additional  convective  heat  transfer.  Where  the  bot- 
tomset beds  are  composed  of  sandy  and  gravel-pebble  rocks  the  waters  of  the 
flow  under  the  riverbed,  circulating,  carry  with  them  a large  quantity  of 
additional  heat,  thaw  permafrozen  rock  masses  and  shari  ly  elevate  the  tempera- 
ture of  the  rocks.  In  that  case  permeating  taliks  form,  more  rarely  non-per- 
meat ing. 

At  a small  depth  of  the  riverbed  and  its  complete  freezing  in  winter,  in  the 
summer  the  taliks  under  the  riverbed  are  completely  restored  and  the  water  in 
them  circulates  until  they  are  completely  or  partially  frozen  in  winter.  In 
th.it  case,  when  the  river  depth  remains  rather  large  even  in  the  winter,  those 
taliks  exist  the  year  round. 

In  the  valleys  )f  large  rivers  the  sandy-pebble  deposits  of  the  riverbed  facies 
often  are  widespread  even  within  the  limits  of  a narrow  flood  plain.  Usually 
confined  to  those  deposits  is  an  alluvial  flow,  closely  connected  with  the 
riverbed  in  its  conditions.  Through  movement  of  the  alluvial  flow  form  taliks 
of  the  water-thermal  type.  Genetically  they  are  closely  connected  with  the 
sub-riverbed  subtype  of  underwater  taliks. 

8.  The  Influence  of  Subsurface  Waters  on  the  Formation  of  Taliks  of  the 
Water-Thermal  Type 

Taliks  of  the  water-thermal  (hydrogeogen ic)  type  owe  their  existence  to  the 
presence  of  additional  convective  heat  exchange  on  account  of  the  movement  of 
subsurface  waters.  Depending  on  the  type  of  subsurface  waters  (descending 
infiltration,  ground  pressurized  and  unpressurized  or  ascending  subfrostal), 
taliks  of  three  subtypes  are  distinguished  (see  Table  45). 

/The  subtype  of  taliks  forming  on  account  of  the  warming  influence  of  ground 
waters/.  Taliks  of  this  subtype  are  widespread  in  valleys  and  on  slopes. 

The  warming  influence  of  ground  waters  is  concentrated  in  the  regions  in  which 
they  are  fed  by  the  infiltration  of  warm  summer  precipitations,  and  also  on 
the  path  of  their  movement  in  valleys  and  down  along  slopes  in  wel 1 -f i Iter ing 
sandy,  gravel-pebble  and  crushed  rock-gruss  deposits.  A substantial  warming 
influence  on  rocks  can  be  exerted  by  ground  waters  at  the  places  of  their 
discharge  (emergences  of  sources). 

Determination  of  the  Possibility  of  Forming  an  Infiltration  Talik  Through  the 
Runoff  of  Surface  Waters  in  a Fractured  Zone  (Example  40) 

The  bottom  of  a valley  to  a depth  of  2 m is  composed  of  sandy- loam  and  pebble 

alluvium  (alQT  ),  more  deeply  --  of  strongly  fractured  granites  and  granitized 

gneisses  of  the  Archean.  The  thickness  of  the  permafrozen  rock  mass  is  200  m 

on  the  average,  t e -2  , A = 15°.  S = 2 m;  A,  of  alluvial  deposits  and 

m o ’ seas  1 

o of  bedrocks  are  1 and  2 kca  1/ (m) (hr ) (degree)  Respectively.  The  therm.)  1 
conductivity  ( ) of  the  bedrocks  is  40  x 10"11*  m' /hr  and  Q in  layer  f is  17,000 
kcal/m^.  The  average  annual  temperature  of  the  waters  running  off  along  the 
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slope  and  infiltrating  along  a fault  in  the  valley  bottom  is  4*.  The  radius 
of  tht  water-absorbing  zone  (r)  is  10  meters.  The  infiltration  rate  (v)  is 

0.02  m/hr.  The  length  of  the  infiltration  period  ( T.  ^)  is  2400  hours. 


Solution.  During  the  beat  exchange  of  infiltrating  waters  moving  along  a 
talik,  with  frozen  rocks  a portion  of  the  heat  of  those  waters  is  expended, 
as  a result  of  which  their  temperature  declines.  Some  heat  is  expended  in 
that  case  in  tht  layer  of  anrual  heat  cycles  on  thawing  the  layer  of  winter 
freezing  and  forming  positive  average  annual  temperatures  of  the  rocks.  In 
that  case  there  is  a change  of  the  average  annual  temperature  from  negative 
on  the  surface  of  the  soil  to  positive  on  the  base  of  the  layer  of  seasonal 
freezing.  A temperature  shift  forms  on  account  of  the  influence  of  the  rising 
flow  of  water. 


If  the  temperature  on  the  surface  of  the  soil  is  t , then  for  the  average 

A Q Q 7 

annual  temperature  to  be  not  below  0 in  the  base  of  the  layer  of  freezing 
with  a thickness  £ (a  condition  necessary  for  the  existence  of  a talik),  one 
requires  a heat  flQx  of 

yM  r. 


< 1 c 


•V, 


Q.  i-  „ ! 


*at  capacity  of  water,  kca  1/ (m^ ) (degree');  v is  the  specific 
m^/hr;  At  is  the  reduction  of  the  water  temperature  in 


where  C is  the  heat 

flow  ra¥e  of  water,  m^/hr;  At  is  the  reduction  of  the  water  temp 

the  infiltrating  flow,  °C;  § ^ is  the  depth  of  potential  freezing  of  rocks 

in  the  zone  of  a talik  at  arr  average  annual  temperature  on  the  surface  of 

the  soil  of  t ; V is  the  reduced  thermal  conductivity  of  the  rocks  in  the 
it\  r 

layer  of  seasonal  freezing,  kca  1/ (>n  ) (hr  ) (degree  ) . 


From  equation  (7.1.3)  it  is  possible  to  determine  the  reduction  of  the  tem- 
perature of  water  necessary  for  the  formation  of  a zero  average  annual  tem- 
perature in  the  base  of  the  layer  of  seasonal  freezing,  and  then  it  remains 
to  determine  the  reduction  of  the  water  temperature  as  a result  of  heat  ex- 
change with  the  frozen  rocks  surrounding  the  talik  zone.  In  accordance  with 
what  has  been  said  the  problem  is  calculated  as  follows: 

1.  We  determine  the  heat  flux  necessary  to  increase  the  average  annual  tem- 
perature from  -2  to  0 

q , Q ,(T  , . 1)  ' 

5 

<7,  17000 -0,8  . 1 ' 2(’  K ' °-  22  3G0  kkg.i/m*. 


2.  We  determine  the  reduction  of  temperature  of  infiltrating  water  (At^) 
caused  by  the  expenditure  of  heat  on  elevation  of  the  temperature  of  the  rocks 
to  0 from  the  left  side  of  equation  (7.1.3): 


A /, 


22 : • 0 
|i.w  n ()'_> 


0,5° 


^Without  taking  into  consideration  that  g t “ t 


t . 

m 
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3.  We  find  the  amount  of  heat  absorption  by  the  frozen  walls  of  the  thawed 
/.one  (A,  kcal/(m  )(hr).  To  do  that  we  construct  a diagram  (Figure  109)  of 
the  change  of  tlr  value  of  A with  time  with  the  equation  of  Carslow  and 


Yeager : 


i.t  f , 

- in  7 


i 


where  t = t /2  and  T ' 
m 


>T/r 


( T is  the  time  in  hours). 


Figure  109.  Diagram  based  on  the 
Carslow  and  Yeager  equation  (7.1. A), 
where  S^,  S,  and  are  parts  of 

the  cross-sectional  area  of  the  talik. 
a - /$,  kca  1/  (m“ ) (hr ) b - X , hrs 


A.  We  determine  the  amount  of  the  heat  flux  through  the  lateral  surface  of 
the  talik  during  the  entire  period  of  infiltration  (q  ).  To  do  that,  with 
Figure  109  we  calculate  the  area  of  the  figure  T (i  5 C , equal  to  S mm" 

(1  mrn^  on  the  diagram  corresponds  to  1 kcal/m^);  11  k k 


\0  c/j 

448  u. 

5.  12  . = 

512  .. 

>) 

• - 2 

-l0-  1500  , 

S 5,  S;  - S3 

22C0 

2 

q , S • 1 

2260  KKO.I/M J. 

5.  We  find  the  reduction  of  temperature  of  the  infiltrating  water  (At,,)  from 
the  formula  of  Kh.  R.  Khakimov  (1962): 

A/?  (7.1.5) 

Tt. ,/  ul'S 

where  S is  the  lateral  surface  of  the  talik,  m";  S = 2irrH;S  is  the 
la  t j la  t 

cross-sectional  area  of  the  talik,  m ; S = irr  : 

\/  2260-  2 ■ 3.11  10  200  j 

2 2400  • 1000  0,02  • 3,1 i • 100 

6.  We  find  the  total  reduction  of  the  water  temperature  on  the  outlet  of  the 
thawed  zone  (At): 


Af  A/,  i M,  0.5  i 1.0  2.4°. 


Thus  during  the  infiltration  of  a subsurface  flow  with  given  characteristics 
the  existence  of  a talik  is  possible  upon  the  condition  that  the  average 
annual  water  temperature  is  not  below  2.4  . 

It  is  evident  from  the  cited  example  that  the  warming  influence  of  subsurface 
waters  is  a very  complex  process  and  quantitatively  should  be  regarded  com- 
plexly in  a close  connection  with  the  rad iat ion-therma 1 balance  of  the  sur- 
face, the  composition,  the  moisture  content  and  the  properties  of  the  rocks, 
and  also  in  connection  with  the  latitudinal  zonat ion  and  height  zonation. 

It  is  generally  known  that  the  components  of  the  thermal  balance  of  the 
gr  iund  surf ace  are  essent ia 1 ly  determined  by  the  temperature  of  the  underlying 
rocks.  Because  of  that  the  warming  influence  of  the  convective  heat  exchange 
through  ground  waters,  by  changing  the  temperature  of  the  rocks,  at  the  same 
time  changes  the  amount  of  the  components  of  the  radiation-thermal  balance. 

In  particular,  E,  P and  B increase  (see  Chapter  2).  Under  the  effect  of  the 
ground  waters  the  heat  cycles  change  in  the  soils.  In  the  region  of  seasonal 
freezing,  increase  of  the  average  annual  temperature  of  the  soils  involves 
decrease  of  the  thermal  cycles  of  the  soil.  In  the  region  in  which  perma- 
frozen  rocks  are  widespread  the  reverse  dependence  is  observed  --  increase 
of  the  thermal  cycles  with  elevation  of  the  average  annual  temperature  of  the 
rocks.  In  that  case,  when  elevation  of  the  temperature  on  account  of  convec- 
tive heat  exchange  loads  to  change  of  the  sign  of  the  average  annual  tempera- 
ture (negative  values  of j become  positive)  both  increase  and  decrease  of  the 
annual  heat  cycles  can  occur.  Thus  the  change  of  heat  cycles  in  the  soil 
under  the  effect  of  ground  waters  occurs  in  accordance  with  a complex  law. 

In  addition,  the  warming  influence  of  the  waters  under  consideration  also 
leads  to  change  of  the  temperature  shift  in  the  layer  J . All  that  has  been 
said  testifies  to  a complex  interaction  of  convective  and  conductive  heat 
exchange  in  soils  and  rocks. 

However,  on  sections  on  which  ground  waters  are  widespread,  the  influence  of 
the  latter  does  not  always  lead  to  the  formation  of  taliks.  At  times  that 
influence  is  manifested  in  the  form  of  elevation  of  the  temperatures  of  per- 
mafrozen  rock  masses  within  the  range  of  negative  values  and  increase  of  the 
depth  of  the  seasonal  thawing  of  rocks.  In  that  case  the  taliks  can  form 
only  during  the  superposition  of  an  additional  warming  influence  of  other 
natural  factors.  Thus,  for  example,  the  warming  influence  of  ground  waters 
in  combination  with  the  influence  of  a thick  snow  cover  can  lead  to  the  for- 
mation of  both  nonpermeating  and  permeating  taliks.  In  such  cases  taliks 
will  have  a complex  genesis,  and  this  must  be  taken  into  consideration  in 
considering  the  conditions  of  their  formation. 

/The  subtype  of  taliks  forming  on  account  of  ascending  flows  of  subfrostal 
waters/.  The  reason  for  the  existence  of  taliks  of  the  given  subtype,  like 
the  preceding,  is  the  warming  Influence  of  subsurface  waters  on  account  of 
convective  heat  exchange.  The  difference  between  them  consists  in  the  fact 
that  the  temperature  regime  of  pressurized  artesian  waters  has  its  own  laws 
of  formation.  The  warming  influence  of  those  voters  should  be  examined  as 
a function  of  concrete  characteristics  of  the  hydrogeological  structures. 
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The  regions  of  feeding  of  artesian  basins  within  the  limits  of  permafrost 
represent  ground-filtration  and  infiltration  taliks.  The  infiltration  of 
warm  summer  precipitations  and  surface  waters  leads  to  a relatively  large 
elevation  of  the  temperature  of  the  rocks  and  talik  zones  as  compared  with 
the  temperature  of  the  surrounding  masses.  The  area  of  propagation  and  the 
conditions  of  occurrence  of  taliks  are  linked  with  the  propagation  and  occur- 
rence of  wel 1 -f i Iter ing  water-bearing  complexes  and  their  outcrops  on  the 
surface.  The  warming  influence  of  subsurface  waters  in  the  given  case  can 
be  calculated  with  the  procedure  presented  in  examples  20  and  37. 

The  climatic  conditions  in  the  foci  of  discharge  of  subsurface  waters  in 
accordance  with  the  long-period  fluctuations  of  temperature  on  the  surface 
of  the  ground  also  have  an  influence,  reducing  or  enlarging  the  area  of  the 
talik  around  the  sources.  In  separate  periods  on  account  of  change  of  the 
hydrogeological  and  surface  conditions  the  taliks  can  freeze  from  the  sur- 
face and  the  subsurface  waters  with  a deep  circulation  can  be  discharged  at 
a new  place.  Connected  with  that  is  shift  of  taliks  along  and  across  valleys 
laid  on  faults  on  fractured  zones  and  usually  covered  with  thin  alluvium. 

A procedure  for  calculating  the  influence  of  long-period  fluctuations  on  the 
conditions  of  existence  of  taliks  in  foci  of  discharge  is  presented  in  the 
following  example. 

Calculation  of  the  Influence  of  Long-Period  Fluctuations  of  Temperature  on 
the  Surface  on  the  Conditions  of  Existence  of  a Talik  in  Foci  of  Discharge 
of  Subsurface  Waters  (Example  41) 

It  must  be  determined  whether  there  is  freezing  of  the  focus  of  discharge  of 
pressurized  subsurface  waters  on  account  of  periodic  fluctuations  of  tem- 
perature on  the  surface  with  a period  T = 10,000  years  and  an  amplitude 
A = 4 at  an  average  temperature  of  the  surface  of  the  ground  t =0°  during 
the  period. 

The  geological  profile  is  composed  (from  the  bottom  upward)  of  dolomites  and 
marls  of  the  Cambrian  with  pressurized  bed-karst  fresh  waters,  covered  by  a 
water-resistant  rock  mass  of  clayey  deposits  of  the  Ordovician.  The  thick- 
ness of  the  water-resistant  rock  mass  is  80  m.  The  angle  of  incidence  of 
the  fault  along  which  the  subsurface  waters  are  discharged  is  45°.  The  rate 
of  filtration  of  the  subsurface  waters  over  the  fractured  zone  is  0.005  m/hr 
and  the  average  bed  temperature  t * 2°. 

The  thermophysical  properties  of  the  loose  formations  are:  the  thermal  con- 
ductivity A-  “ 1.5  kcal/(m) (hr) (degree),  the„temperature  of  phase  transitions 
Q . • 10,000  kcal/m  and  C = 350  kcal/(m  )(degree).  The  geothermal  gra- 

0 VO 1 — L 

dient  g - 0.01  degree/m.  The  maximal  depth  of  the  seasonal  thawing  of  rocks 
during  the  period  T is  2 m. 

Solution.  1.  We  determine  the  effective  value  of  the  geothermal  gradient 
(g  ff)  with  consideration  of  the  convective  component  of  the  heat  flux  (Glusov, 

1970): 


(7.1  G) 
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where  C is'-fche  heat  capacity  of  water,  1000  kcal/(m  ) (degree);  tk  is  the 
angle  between  the  direction  of  freezing  and  the  flow  of  subsurface  waters; 

*<  = 90  - 45  = 45°. 

2.  We  determine  with  formula  (4.2.1)  the  depth  of  permafrost  at  g = g ^ = 

= 0.95  degree/m.  Solving  the  equation  by  trial  and  error,  we  find  thaf 

% - 1.5  m. 

p-f 

Since  the  depth  of  seasonal  thawing  under  the  conditions  of  the  given  region 
is  2 m,  it  is  obvious  that  the  10,000-year  fluctuations  of  temperature  on  the 
surface  of  the  soil  cannot  lead  to  permafrost  at  the  focus  of  discharge  of 
pressurized  subsurface  waters. 

The  configuration  of  talik  zones  at  the  places  of  emergence  of  pressurized 
subfrostal  waters  on  the  surface  is  linked  with  the  propagation  and  conditions 
of  occurrence  of  wel 1 -f i 1 ter ing  rocks,  the  temperature  of  the  water  and  the 
intensity  of  the  sources.  Connected  with  the  emergences  of  subfrostal  waters 
of  deep  circulation  are  zones  of  the  propagation  of  large  and  gigantic  ice 
bodies  --  ice  sills.  The  latter  often  protect  the  underlying  rocks  against 
freezing  and  contribute  to  the  preservation  of  thick  talik  zones. 

Within  the  limits  of  the  central  part  of  artesian  basins,  on  the  path  of 
movement  of  waters  their  warming  influence  is  determined  by  the  convective 
heat  transfer  and  also  by  the  thermal  interaction  of  the  subsurface  waters 
and  permafrozen  rocks,  which  depends  on  the  spatial  interrelationship  of  the 
latter.  Here  one  should  distinguish  the  case  where  subfrostal  waters  contact 
the  lower  surface  of  permafrozen  rock  masses  and  the  case  where  such  contact 
is  absent  and  the  subsurface  waters  have  been  separated  from  the  frozen  rock 
mass  by  a lithological  confining  bed  of  different  thickness.  It  is  obvi- 
ous that  the  warming  influence  of  waters  on  frozen  rocks  will  be  maximal  in 
the  case  of  their  contact.  When  pressurized  subsurface  waters  are  shallow 
in  regions  where  there  are  thin  frozen  rock  masses  their  warming  influence 
can  lead  to  the  formation  of  permeating  talik  zones.  In  regions  where  there 
are  thick  frozen  rock  misses,  in  the  central  part  of  artesian  basins  taliks 
can  form  and  exist  only  on  zones  of  faults  and  tectonic  dislocations. 

/The  subtype  of  taliks  forming  from  strata  1-fracture  and  fracture  waters/. 
The  warming  influence  of  the  indicated  type  of  subsurface  waters  is  determined 
by  the  character  of  their  occurrence,  propagation  and  the  conditions  of  motion, 
discharge  and  feeding.  The  formation  of  permeating  taliks  and  talik  zones 
usually  is  confined  to  the  southern  regions  of  a permafrost  area.  In  regions 
of  thick  permafrozen  rock  masses,  permeating  taliks  can  form  and  exist  in 
the  places  of  discharge  and  feeding  of  stra ta 1-fracture  and  fracture  waters 
concentrated  in  zones  of  tectonic  dislocations.  Nonpermeating  taliks  can 
form  on  the  path  of  movement  of  those  waters. 
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The  procedure  for  calculating  the  age  of  a pressur ized-f i Itrat ion  talik 
through  the  warming  influence  of  strata  1 -fracture  and  fracture  waters  can 
be  shown  on  the  following  example. 


Calculation  of  the  Minimal  Age  of  a Pressur ized-F i Itrat ion  Talik  (Example  42) 


We  will  assume  that  a talik  of  the  indicated  subtype  is  confined  to  the  frac- 
tured zone  in  dolomites  of  Devonian  age.  It  is  known  that  the  talik  radius 
(r)  is  20  m;  the  thickness  of  the  permafrozen  rock  mass  (H)  reaches  400  m 
and  its  average  annual  temperature  (t^)  is  -6  ; the  thermal  conductivity 
(Af.)  and  temperature  ..conduct  ivity  (*)  of  the  rocks  are  2 kca  1/ (m)  (hr ) (de- 


gree) 


an*. 


10" 


m 


'/hr  respectively;  the  filtration  rate  of  the  waters 


within  the  talik  is  0.008  m/hr;  the  difference  in  the  water  temperature  at 
the  outlet  into  the  thawed  zone  and  at  the  base  of  the  layer  of  annual  heat 
cycles  is  0.5  . 


Solution.  1.  We  determine  the  change  of  the  amount  of  heat  absorption  by 
the  frozen  talik  walls  ( , kcal/(m  )(hr))  in  time,  using  the  Carslow  and 

Yeager  formula  (7.1.4); 

p 2XT  f 1 _1  _ V"7  -1  (7.1.7) 

•'  , { 111(47)  — 1.154  |1n  (4T)  — 1.15-1]=  J 

2 

where  T'  = <xT/r  for  T equal  to  1000,  5000  and  10,000  years.  The  calculated 
data  are  presented  on  the  diagram  (Figure  110). 
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Figure  110.  Diagram  for  deter- 
mination of  the  minimal  age  of 
a talik.  a - 1000  years 


2.  We  find  the  value  of  p at  the  moment  of  observation  with  the  formula  of 
Kh.  R.  Khakimov  (7.1.5); 

P (7.1.8) 


P 


1003  .1,11  400  . 0 008-0,5 
2 • 3.H  ■ 20  • 400 


0,1  kkq.i/m*  vac. 


3.  With  the  diagram  (Figure  110)  we  determine  the  amount  of  T corresponding 
to  the  value  P - 0. I kcal/(m  )(hr);  T = 1500  years.  That  value  also  is  the 
minimal  age  of  the  given  talik. 


3.  Distinctive  Features  of  the  Propagation  of  Tallks  With  Consideration 
of  the  Latitudinal  Zonatlon  and  Geostructura 1 Conditions 


Latitudinal  zonation  in  the  region  of  propagation  of  permafrozen  rocks  is 
expressed  in  a regular  reduction  of  the  average  annual  temperatures  of  the 
rocks,  increase  of  the  continuity  of  the  propagation  of  frost  over  the  area 
and  Increase  in  the  thickness  of  permafrozen  rock  masses  in  the  direction 
from  south  to  north.  In  accordance  with  that  a general  regularity  in  the 
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propagat ion  of  taliks  in  a permafrost  region  is  expressed  in  a regular 
decrease  of  their  area  from  south  to  north.  Then,  in  connection  with  a 
gradual  reduction  of  the  average  annual  temperature  of  the  rocks  the  propa- 
gation of  taliks  from  south  to  north  is  linked  with  more  and  more  strongly 
acting  factors. 

/The  propagation  of  taliks  of  the  radiat ion-therma 1 type/.  Taliks  of  the 
radiation  subtype  (see  Table  45),  connected  with  a southern  exposure  of  the 
terrain  and  a small  value  of  the  albedo  of  its  surface,  are  encountered  in 
all  geostructura  1 regions  mainly  in  the  first  frost-temperature  zone.  A very 
substantial  change  of  the  radiation-thermal  balance  for  slopes  with  a southern 
exposure  is  noted  within  the  limits  of  mountain  folded  regions,  where  the 
steepness  of  slopes  reaches  10-20  . On  sections  of  such  slopes  which  are  free 
of  plant  cover  the  albedo  of  the  surface  is  relatively  low  (see  Table  8). 

A large  difference  is  noted  on  slopes  with  a northern  and  southern  exposure 
in  the  moisture  content  of  soils  of  the  surface  layer,  which  is  reflected 
in  the  amount  of  evaporation.  For  the  indicated  reasons  the  components  of 
the  rad iat ion-therma 1 balance  on  slopes  with  a southern  exposure  vary  in  such 
a way  that  this  leads  to  a substantial  increase  of  the  average  annual  tem- 
perature of  the  soil  and  a wide  distribution  of  taliks  of  the  radiation  subtype. 

Within  the  limits  of  regions  of  the  platform  type  on  slopes  with  a southern 
exposure  taliks  of  the  radiation  subtype  also  are  noted,  but  far  more  rarely 
than  in  mountainous  folded  regions.  This  is  connected  with  the  smaller  steep- 
ness of  the  slopes,  the  distribution  of  the  plant  cover  and  shade  and  also 
the  poorer  drainage  of  the  soils,  their  greater  moisture  content  and  swampi- 
ness and,  consequently,  the  greater  amount  of  evaporation. 

Taliks  of  the  thermal  subtype  (see  Table  45)  are  widespread  mainly  in  the 
first  two  zones,  more  rarely  in  the  third  in  all  the  geostructura l regions. 
Taliks  of  the  thermal  subtype  connected  with  a positive  temperature  shift 
from  1 to  2-3  are  widespread  in  platform  and  plains  regions  composed  from 
the  surface  of  a layer  of  Quaternary  deposits  of  a sandy-loam-loam  composition 
at  a moisture  content  close  to  the  absolute  moisture  capacity.  In  a mountain- 
ous folded  region  such  taliks  can  be  encountered  only  on  swampy  plateaus  and 
highlands  or  in  the  bottoms  of  valleys  and  on  accumulative  river  terraces 
composed  of  fine-grained  material. 

Taliks  of  the  thermal  subtype  connected  with  the  influence  of  the  snow  cover 
can  be  widely  encountered  within  the  limits  of  both  platform  and  of  mountain- 
ous folded  regions.  In  platform  regions  their  distribution  is  more  restrained 
and  more  often  connected  with  the  micro-  or  mesorelief  and  the  character  of 
the  vegetation.  In  a tundra  zone  such  taliks  are  connected  with  the  transport 
of  snow  which  accumulates  under  the  steep  sections  of  leeward  slopes. 

In  mountainous  folded  regions  taliks  of  that  subtype  are  confined  also  to  lee- 
ward steep  and  gentle  slopes,  where  snow  accumulates  in  a layer  of  up  to  2 m 
or  more,  and  the  forming  snow  slides  often  lead  to  a sharp  warming  of  the 
underlying  rocks.  In  mountainous  folded  regions  the  formation  of  thermal 
taliks  is  connected  with  the  presence  of  perennial  f irn  basins  and  glaciers. 

In  narrow  gorges  and  valleys  when  the  area  of  firn  basins  and  glaciers  is 
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relatively  small,  water  flows  form  under  the  latter  which  exclude  the  freez- 
ing of  the  underlying  rocks  and  are  a reason  for  the  formation  of  taliks  of 
the  thermal  and  often  of  the  rad iat ion- inf i ltrat ion  type. 

Taliks  of  the  thermal  subtype  often  are  encountered  in  all  the  geostructura 1 
regions  on  account  of  the  formation  of  a looser  snow  cover  and  its  not  close 
adherence  to  the  soil  with  the  formation  of  cavities  within  the  sections  of 
underbrush  and  grassy  vegetation  which  have  grown  during  the  summer.  The 
taliks  are  mainly  non-permeating  and  are  characteristic  mainly  of  leeward 
snow-drifted  slopes.  In  the  first  two  frost-temperature  zones  thermal 

taliks  connected  with  a thick  snow  cover  0. 7-1.0  meter  high  are  encountered 
in  all  the  geostructura 1 regions. 

Taliks  of  the  rad iat ion- inf i ltrat ion  subtype  (see  Table  45)  are  encountered 
within  the  limits  of  the  first  four  zones  and,  as  a rare  exception,  in  the 
fifth.  Taliks  of  that  subtype  are  very  widespread  within  the  limits  of  old 
crystalline  rock  masses  deprived  of  a thick  mantle  of  loose  Quaternary  depo- 
sits. Often  they  are  confined  to  flat  water  divides  composed  of  fissured 
crystalline  rocks  covered  by  a layer  of  detrital  eluvium.  The  presence  of 
radiation-infiltration  taliks  in  that  case  is  linked  with  the  warming  influ- 
ence of  the  ground  waters  and  the  infiltration  of  warm  atmospheric  precipi- 
tations (see  examples  20  and  37).  The  latter  is  noted  mainly  is  regions  with 
large  summer  precipitations. 

In  mountainous  folded  regions  such  taliks  are  encountered  on  sections  composed 
of  intrusive  and  effusive  bodies  of  fractured  crystalline  rocks,  and  also 
within  the  limits  of  the  outcropping  on  the  surface  of  solid  and  semisolid 
rocks  of  the  Paleozoic  and  Mesozoic.  In  that  case  the  taliks  are  linked  with 
the  warming  influence  of  fissure  and  f issure-strata 1 waters.  In  the  case 
where  covering  Quaternary  deposits  are  represented  by  we  1 1-f i It er ing  rocks 
the  formation  of  taliks  of  that  subtype  is  linked  also  with  the  infiltration 
of  warm  atmospheric  precipitations.  In  mountainous  folded  regions  such  taliks 
are  often  encountered  in  the  regions  of  feeding  of  subsurface  waters.  Of 
great  importance  in  that  are  regions  of  tectonic  dislocations  and  zones  of 
fracture. 

Taliks  of  the  radiation-infiltration  subtype  are  encountered  in  platform  re- 
gions within  the  limits  of  the  mantle  of  Quaternary  deposits  composed  of 
coarse,  we  1 1 -f i Iter ing  formations.  Often  they  are  confined  to  river  valleys 
and  accumulative  river  terraces  within  the  limits  of  mainly  a riverbed  facies. 

/The  propagation  of  taliks  of  the  underwater-thermal  type/.  Taliks  of  this 
type  are  widespread  in  all  geostructura 1 regions  and  in  all  f rost -temperature 
zones  (see  Table  45). 

Taliks  of  the  shelf  subtype  are  encountered  on  the  coasts  of  northern  seas 
within  the  limits  of  propagation  of  warm  sea  currents,  at  a water  temperature 
in  the  bottom  layers  of  above  0 (class  --  anhydrous,  ground-f i ltrat ion  and 
infiltration,  subclass  thermal,  type  permeating).  Very  often  this  subtype 
of  talik  is  caused  by  the  salinity  of  sea  water  at  a water  temperature  below 
0 (class  --  infiltration  and  pressur ized-f i ltrat  ion,  subclass  --  cryohydro- 
halinic,  type  --  permeating). 
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Within  the  limits  of  a shelf,  especially  in  its  coastal  part,  where  the 
depth  of  the  sea  does  not  exceed  the  first  10  meters,  at  an  average  annual 
temperature  above  0 seasonal  freezing  of  the  bottom  deposits  is  often  en- 
countered, This  is  connected  with  lowering  the  temperature  of  the  saline 
water  to  -2  in  the  winter  period.  As  a result  of  that  the  bottom  deposits 
also  acquire  a negative  temperature  and  often  freeze  at  a depth  of  several 
tens  of  cm.  In  the  warm  period  of  the  year  that  layer  thaws.  Usually  on 
those  areas  of  the  shelf  a talik  of  the  underwater  type,  the  shelf  subtype, 
is  observed. 

At  average  annual  temperatures  above  0°  such  a talik  can  exist  because  of 
the  high  mineralization  of  the  water  in  bottomset  beds.  In  that  case,  in  the 
warm  period  of  the  year,  in  the  upper  horizon  of  those  deposits  forms  a layer 
with  positive  temperatures,  corresponding  to  the  layer  of  seasonal  thawing. 

The  absence  of  ice  in  the  bottomset  beds  having  a temperature  below  zero, 
when  they  have  a corresponding  composition,  leads  to  the  presence  of  a water- 
bearing horizon  in  the  bottomset  beds,  which  creates  conditions  favorable  both 
for  the  feeding  and  for  the  discharge  of  the  subsurface  waters. 

Under  the  conditions  of  regions  of  the  platform  type  on  seacoasts,  within  the 
limits  of  the  coastal  part  of  the  shelf,  the  mass  of  bottomset  beds  is  com- 
posed of  loose  moraine-like  sediments  representing  confining  strata  or  for- 
mations filtering  extremely  poorly.  In  that  case  the  taliks  do  not  have 
decisive  importance  in  the  feeding  and  discharge  of  subsurface  waters.  If 
the  bottomset  beds  consist  of  wel 1 -f i Iter ing  sediments  of  the  type  of  near- 
mouth gravel-pebble-sand  alluvium  with  a large  thickness  (for  example,  buried 
mouths  of  large  rivers:  the  Lena,  Yenisey,  Ob',  etc),  such  shelf  taliks  are 

usually  classed  as  ground-filtration  and  pressurized  filtration  and,  as  a 
rule,  are  regions  of  discharge  of  fresh  subsurface  waters,  and  therefore  have 
great  hydrogeological  importance. 

Under  the  conditions  of  a mountainous  folded  region,  when  the  coast  and  coastal 
part  of  the  shelf  are  composed  of  pre-Quaternary  solid  rocks,  the  distribution 
of  the  shelt  taliks,  as  a rule,  is  connected  with  the  circulation  of  fissure 
and  stratum-fissure  waters.  Such  taliks  can  be  regions  of  the  discharge  of 
subsurface  waters  for  the  coastal  mass  of  rocks  and  regions  of  feeding  during 
the  infiltration  of  sea  waters  into  the  coastal  mass  of  solid  fractured  rocks. 
In  the  latter  case  the  taliks  usually  are  cryohydroha 1 inic  and  the  rocks 
composing  them  often  have  a relatively  low  tempera ture  (below  0°)  to  a great 
depth.  An  example  of  this  is  the  region  of  Amderma , where  on  account  of  the 
infiltration  of  saline  sea  water  into  lower- lying  horizons  the  temperature 
of  the  masses  of  cooled  rocks,  equal  to  -5°,  extends  to  200-300  meters. 

All  coastal  shelf  taliks  of  the  cryohydroha 1 inic  subclass  are  cryopegs.  Taliks 
of  the  shelf  subtype  at  an  average  annual  temperature  of  the  rocks  above  0 
are  encountered,  as  a rule,  in  the  first  three  frost-temperature  zones.  At 
a temperature  below  zero  taliks  of  the  cryohalinic  subclass  (cryopegs)  are 
confined  mainly  to  frost-temperature  zones  IV  and  V. 

Taliks  of  the  sub-lake  subtype  are  connected  with  the  warming  influence  of 
the  layer  of  water  and  therefore  are  determined  by  the  depth  and  width  of  the 
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body  nf  water  and  the  length  of  its  existence.  By  virtue  of  that  the  char- 
acter of  the  talik,  and  also  the  conditions  of  its  formation  and  the  length 
of  its  existence,  are  connected  primarily  with  the  genesis  of  lakes  and  the 
geological  conditions  of  the  region  itself.  Under  the  conditions  of  platform 
regions  of  a plains  character,  water  divide  and  valley  sub-lake  taliks  should 
be  distinguished.  In  the  first  case  there  can  be  sub-lake  taliks,  confined 
to  closed  negative  forms  of  the  relief  of  glacier  origin.  The  bottomset  beds 
of  those  lakes  can  be  represented  as  moraine,  silty,  non-filtering  sediments 
and  as  sandy,  rubble-gravel  material.  In  the  former  case  the  taliks,  as  a 
rule,  are  thermal  underwater  taliks.  Their  hydrogeological  importance  is 
extremely  insignificant.  In  the  latter  case  the  taliks,  as  a rule,  are  ground- 
filtration  and  infiltration  taliks,  often  thermal,  and  have  great  hydrogeo- 
logical importance  in  relation  to  both  the  feeding  and  discharge  of  subsur- 
face waters.  That  subtype  of  taliks  is  azonal  and  can  be  encountered  in  any 
frost-temperature  zone. 

Watershed  sub-lake  taliks  in  regions  of  the  platform  type,  especially  on  lake- 
alluvial  watershed  plains,  can  form  on  account  of  the  thawing  of  syngenetic 
reopened-vein  ices.  In  that  case  the  existence  of  permeating  taliks  under 
lakes  is  connected  with  the  dynamics  of  the  development  of  those  lakes.  Dur- 
ing rapid  displacement  of  those  lakes  there  can  be  non-permeating  taliks  and 
new  formations  of  frozen  rock  masses  on  dried  sections.  By  virtue  of  that, 
taliks  are  encountered  not  only  under  the  lakes  themselves  but  in  the  coastal 
mass  in  the  form  of  interfrost  talik  zones.  Such  taliks  can  serve  as  temporary 
sources  for  the  feeding  of  subsurface  waters.  As  a rule,  they  are  widespread 
in  frost-temperature  zones  IV  and  V,  where  reopened-vein  ices  are  widely  en- 
countered. 

Widespread  in  river  valleys  and  on  river  terraces  are  lakes  of  alluvial  ori- 
gin (ox-bow  lakes)  and  thermokarst  lakes  resulting  from  the  thawing  of  reopened- 
vein  ices.  The  former  are  similar  in  their  character  to  watershed  glacial 
lakes  and  are  characterized  mainly  by  the  character  of  the  bottomset  beds 
and  their  genesis.  The  latter  also  are  very  similar  to  the  above- indicated 
thermokarst  lakes.  Valley  sub-lake  taliks  are  often  regions  of  the  feeding 
and  discharge  of  subsurface  waters  of  a complex  of  alluvial  deposits  composing 
river  valleys.  They  can  be  connected  with  the  regime  of  rivers  and  alluvial 
flows.  Such  taliks  are  of  especially  great  hydrogeological  importance  in  the 
first  two  f rost-temperature  zones.  There  the  thermokarst  lakes  are  often 
connected  with  the  thawing,  not  of  reopened-vein,  but  of  epigenetic  stratal 
and  schlieren  ices.  In  that  case  the  lakes  are  characterized  by  muddy  sedi- 
ments and  the  sub-lake  taliks  have  no  substantial  hydrogeological  importance. 

In  mountainous  folded  regions,  lakes  are  connected  with  negative  forms  of  the 
relief  and  are  characterized  by  the  length  of  their  existence.  Their  bottoms 
usually  are  composed  either  of  well-filtering  loose  formations  or  of  solid 
fractured  rocks.  Therefore  they  belong  to  the  class  of  infiltrating  taliks 
and  are  of  great  hydrogeological  importance. 

Sub-riverbed  taliks  are  connected  with  the  warming  effect  of  riverbed  waters 
and  therefore  are  encountered  only  where  there  are  sufficient  depth  and  width 
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of  Che  channel  (see  section  5,  Chapter  5).  During  the  long  existence  of  a 
riverbed  in  a single  place,  permeating  taliks  form.  During  frequent  shift 
of  the  riverbed,  non-permeat ing  taliks  form.  In  this  way  the  occurrence  and 
propagation  of  taliks  in  the  bottom  of  a valley  depends  on  the  history  of  the 
development  of  the  river.  In  regions  of  negative  neotectonic  movements,  where 
there  is  a process  of  sedimentation  and  wide  river  valleys  of  large  rivers  are 
noted,  shifting  of  the  riverbed,  the  formation  of  meanders  and  reprocessing 
of  the  river  alluvium  are  traced.  Taliks  of  the  sub-riverbed  subtype  in  that 
case  have  a complex  bedding,  are  rarely  covered  by  new  formations  of  perma- 
frozen  rock  masses,  are  connected  with  alluvial  flow  and  are  regions  of  sub- 
aqueous feeding  and  discharge  of  subsurface  waters.  These  taliks  are  azonal 
and  are  encountered  in  all  five  frost-temperature  zones.  The  indicated  sub- 
riverbed taliks  usually  are  connected  with  large  and  medium-sized  rivers 
mainly  in  regions  of  a platform  type. 


In  mountainous  folded  regions,  especially  where  deep  erosion  is  noted  in  con- 
nection with  a bulging  up  of  the  territory,  accumulative  deposits,  as  a rule, 
are  absent  and  sub-riverbed  taliks  form  in  solid  fractured  rocks.  The  river 
valleys  in  that  case  often  coincide  with  the  zones  of  fractures,  characterized 
by  we  11- developed  fissures  and  shatter  zones  which  assure  the  infiltration  of 
surface  waters  and  ascending  flows  of  subsurface  waters.  Such  taliks  are  re- 
gions of  feeding  and  discharge  and  are  of  great  hydrogeological  importance. 

The  propagation  of  taliks  of  the  water-thermal  type.  In  platform  regions 
water-thermal  taliks  (see  Table  45)  are  abundant  in  river  valleys  in  sand- 
pebble  deposits  mainly  within  the  limits  of  the  first  three  frost-temperature 
zones.  On  watersheds  such  taliks  are  connected  with  the  warming  influence  of 
pressurized  subfrostal  waters  in  zones  of  tectonic  jointing. 


Within  the  limits  of  the  spread  of  crystalline  rocks  taliks  of  that  type  are 
connected  with  fissure  and  strata  1 -f issure  waters.  They  are  least  abundant 
in  the  first  three  zones. 


In  mountainous  folded  regions  water-thermal  taliks  are  connected  with  all 
varieties  of  subsurface  waters,  both  ground  and  pressurized  strata  1 and 
stratal-f issure,  and  especially  with  ascending  thermal  waters.  In  each  con- 
crete case  the  class  and  subclass  of  a talik  is  determined  by  the  concrete 
frost  and  hydrogeological  situation. 


In  any  frost-temperature  zones  and  geostructura  1 regions  the  taliks  of  the 
water-thermal  type  under  consideration  are  connected  with  concrete  heat  ex- 
change through  the  warming  influence  of  subsurface  waters.  By  virtue  of  that 
the  regime  of  a talik  is  essentially  determined  by  the  thermal  and  hydro- 
dynamic  regime  of  the  subsurface  waters.  Therefore  taliks  connected  with  the 
warming  influence  of  subsurface  waters  undergo  very  great  changes  in  the 
course  of  a year.  Taliks  connected  with  pressurized  subfrostal  strata 1-f issure 
and  strata  1 -pore  waters  are  stable.  Taliks  connected  with  fissure  and  strata  1- 
fissure  waters  have  within  the  limits  of  crystalline  masses  a different  char- 
acter. When  they  are  covered  ,by  a confining  stratum  they  give  rise  to  a regime 
of  taliks  similar  to  taliks  of  artesian  basins.  When  they  are  connected  with 
fissure  and  strata  1 -f issure  waters  not  covered  by  a confining  stratum,  they 
are  similar  to  taliks  resulting  from  the  warming  influence  of  ground  waters. 
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All  that  has  been  said  testifies  that  during  the  examination  of  regularities 
in  the  formation  of  taliks  the  influence  of  very  varied  factors  should  be 
examined  complexly,  as  a function  of  distinctive  features  of  each  landscape 
type  of  the  locality.  Hence  one  cannot  give  a single  standard  procedure  for 
calculating  the  conditions  of  origination  and  existence  of  taliks.  In  each 
specific  case  it  is  necessary  to  study  in  detail  the  influence  of  the  various 
factors  and  their  interaction  and  on  the  basis  of  that  compile  a scheme  of 
calculations  after  determining  the  type  of  talik  and  the  principal  factors 
participating  in  its  formation. 
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Chapter  8.  Regularities  in  the  Formation  and  Prediction  of  the  Development 
of  Geocryolog ica 1 Processes  and  Phenomena 

Geocryolog ica 1 (cryogenic)  phenomena  are  connected  with  distinctive  features 
of  the  accumulation  .>f  Quaternary  sediments,  distinctive  features  of  season- 
al and  perennial  freezing  and  thawing  of  rocks,  the  change  of  their  moisture 
and  temperature  regimes  annually  and  perennially,  and  also  the  regime  of  sur- 
face and  subsurface  waters  acting  both  round  the  year  and  seasonally.  There- 
fore in  analyzing  the  regularities  in  the  development  of  geocryolog  ica  1 (cry- 
ogenic) processes  and  phenomena  it  is  necessary  to  use  as  a basis  the  above- 
considered  regularities  in  the  formation  of  seasonally  frozen  and  pernufrozen 
rock  masses. 

1.  Regularities  in  the  Development  and  the  Prediction  of  Heaving  of  Soils 

/Connection  of  the  process  of  the  heaving  of  soils  with  the  main  character- 
istics of  natural  conditions/.  In  general  the  heaving  of  soils  depends  on 
their  composition  and  structure,  aqueous  properties,  the  moisture  and  tem- 
perature regimes  and  also  the  conditions  of  freezing.  By  the  latter  is  under- 
stood the  system  in  which  the  freezing  proceeds  (open  or  closed),  the  front 
of  freezing  and  th.  rate,  the  velocity  of  freezing.  In  an  open  system  the 
freezing  of  the  ground  is  accompanied  by  an  inflow  of  moisture  toward  the 
front  of  freezing  from  lower- lying  thawed  or  unfrozen  layers;  in  a closed 
system,  freezing  proceeds  without  an  inflow  of  moisture  from  outside  toward 
the  front  of  freezing. 

The  process  of  heaving  in  sandy  and  loamy  soils  proceeds  under  quite  differ- 
ent conditions.-  In  an  open  system  sands  do  not  heave;  in  a closed,  they  heave 
if  their  moisture  content  is  equal  or  close  to  the  absolute  moisture  capacity. 
The  amount  of  heaving  of  sands  is  determined  by  the  thickness  of  the  freezing 
layer  of  water-saturated  sand.  The  dependence  of  the  amount  of  heaving  on 
the  rate  of  freezing  is  determined  by  the  influence  of  the  rate  of  freezing 
on  the  depth  of  freezing. 

In  loamy  soils  during  their  freezing  in  an  open  system  the  heaving  reaches 
a maximum  under  corresponding  conditions.  In  a closed  system,  only  loams 
with  a small  amount  of  swelling  heave  if  their  moisture  content  is  greater 
than  that  of  the  threshold  of  heaving.  The  moisture  content  of  the  threshold 
of  heaving  is  determined  by  the  minimum  of  ice  crystals  forming  on  the  front 
at  the  given  rate  of  freezing  which  is  necessary  for  disruption  of  the  initial 
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density  of  the  skeleton  of  the  ground.  Therefore  it  is  determined  by  the 
aqueous  properties  of  the  rocks  and  the  temperature  conditions  on  the  sur- 
face of  the  soil.  V.  A.  Kudryavtsev  proposed  the  following  formula  for 

determining  the  moisture  content  of  the  threshold  of  heaving  w . (1971): 

t-h 

t'„ , ' nfa P (8-i.l) 


where  w = 0.91  w ; w is  the  absolute  water  capacity;  n is  a coefficient 
cr  3 3 

which  depends  on  the  continental  character  of  the  climate.  The  values  of  n 
are  presented  in  Table  65  and  are  selected  as  a function  of  the  value  of  the 
amplitude  of  fluctuation  of  temperatures  on  the  surface  of  the  ground  A . 

Table  65  Values  of  the  coefficient  n in  formula  (8.1.1) 


,i0.  •<: 

<11 

1 1—19 

>19 

n 

0,5 

0.5 

0.7 

The  moisture  content  of  the  threshold  of  heaving  differs  greatly  from  the 
absolute  moisture  capacity  of  the  ground,  and  the  difference  between 

them  is  all  the  greater  the  lower  the  rate  of  freezing.  The  dependence  of 
the  moisture  content  of  the  threshold  of  heaving  on  the  rate  of  freezing  has 
the  result  that  loamy  soils  with  different  moisture  contents  can  have  an 
identical  relative  amount  of  heaving  if  their  rates  of  freezing  are  different. 
Therefore  under  the  conditions  of  a maritime  climate,  at  a relatively  low 
moisture  content  of  the  ground,  the  relative  amount  of  heaving  reaches  large 
values.  Under  continental  conditions  such  an  amount  of  heaving  is  observed 
when  there  is  considerably  greater  moisture  (soils  of  identical  composition 
are  considered). 

A character  1st ic  regularity  of  the  process  of  heaving  of  loamy  soiis  also  is 
the  fact  that,  other  conditions  being  equal,  the  amount  of  heaving  depends 
on  the  rate  of  freezing,  determined  by  the  average  annual  temperature  t and 
the  amplitude  of  annual  fluctuations  of  temperature  A on  the  surface  o?  the 
soil.  The  influence  of  different  natural  factors  on  Keaving  can  be  estimated 
by  determining  their  influence  on  t , A and  w.  Maximal  heaving  is  noted  at 
values  of  t close  to  0°,  and  at  maximal  depths  of  seasonal  freezing  (thawing). 
In  that  case  the  heat  cycles  in  the  soils  reach  maximal  values  but  the  rates 
of  freezing  still  rema in  low.  At  average  annual  temperature  above  and  below 
zero  the  amount  of  heaving  decreases,  other  conditions  being  equal. 

During  change  of  the  continental  character  of  the  climate  the  following  regu- 
larity is  noted  in  heaving.  With  increase  of  A , that  is,  with  increase  of 
‘"'the  continental  character,  the  heat  cycles  and  ciepth  of  i and  V^.  of  the  rocks 
increase.  Simultaneously  with  that  the  rate  of  freezing  increases.  There- 
fore in  loamy  soils,  in  which  the  heaving  is  inversely  proportional  to  the 
rate  of  freezing,  during  increase  of  A the  heaving  decreases  in  spite  of 
increase  of  In  this  the  snow  cover  is  of  great  Importance.  Increase 

of  the  height  of  the  snow  leads  to  Increase  of  t and  decrease  of  A (on  the 

o o 
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surf act  of  the  soil),  decrease  of  the  depths  of  seasonal  freezing  of  the 
soils  and  increase  of  the  depth  of  their  seasonal  thawing  (see  section  3 
Chapter  5).  In  the  case  of  seasonal  freezing  the  rate  of  increase  of  its 
depth  in  the  winter  period  under  snow  will  be  considerably  smaller  than  on 
snowless  sections.  This  leads  to  the  possibility  of  a greater  inflow  of 
moisture  toward  the  front  of  freezing  on  sections  bare  of  snow,  toward  the 
formation  of  layers  of  ice  before  heaving  of  the  soil.  In  the  j resence  of  a 
water-bearing  horizon  lying  in  the  range  of  1 or  2 meters  below  the  base  of 
the  layer  of  seasonal  freezing,  the  inflow  of  moisture  toward  the  front  in- 
creases considerably  and  the  heaving  can  attain  a greater  value.  Irregular- 
ity of  freezing,  often  linked  with  a height  of  the  snow  cover  irregular  over 
the  area,  leads  to  the  formation  of  hummocks  of  heaving. 

In  examining  the  influence  of  the  snow  cover  on  the  heaving  of  ground  it  is 
necessary  to  take  into  consideration  that  increase  of  the  snow  height  leads 
not  only  to  decrease  of  the  rates  of  freezing  but  also  to  a reduction  of  the 
annual  heat  cycles  in  the  soils.  The  latter  is  expressed  in  a certain  reduc- 
tion of  the  depth  of  freezing  and,  consequently,  a reduction  in  the  total 
amount  of  heaving  in  comparison  with  sections  with  a small  snow  cover. 

In  a region  of  seasonal  thawing  the  winter  freezing  of  dispersed  soils  is 
often  accompanied  by  heaving,  as  thanks  to  the  presence  of  a frozen  confining 
bed  their  natural  moisture  content  usually  exceeds  that  of  the  threshold  of 
heaving  and  approaches  the  absolute  moisture  capacity.  During  freezing  of 
the  layer  of  summer  thawing  the  regime  of  the  waters  above  the  frost  changes 
substantially.  During  irregular  freezing  on  separate  sections  the  layer  of 
waters  above  the  frost  can  freeze  completely,  on  account  of  which  downward 
along  the  movement  of  the  flow  from  the  place  of  freezing  the  intensity  of 
the  heaving  processes  diminishes  sharply  or  they  are  comj  letely  absent. 

In  sandy  soils  in  the  layer  of  seasonal  thawing,  during  the  freezing  of  waters 
above  the  frost  ice  lenses  form  through  the  inflow  of  water  along  the  slope 
and  their  head  during  irregular  freezing.  Those  lenses  form  underground  ice 
coatings,  which  are  examined  in  the  second  part  of  this  section. 

It  is  obvious  that  with  decrease  of  the  thickness  of  the  layer  of  suimier  thaw- 
ing the  amount  of  heaving  of  rocks  decreases.  Therefore  in  frost-temperature 
zones  IV  and  V the  amount  of  heaving  is  extremely  small  even  in  water-satura- 
ted soils. 

The  influence  of  the  plant  cover  on  heaving  should  be  examined  In  connection 
with  the  influence  of  that  factor  on  the  tempera ture  regime  of  the  rocks  (see 
section  4 of  Chapter  5)  and  their  moisture  content.  As  indicated  above,  the 
plant  cover  leads  to  reduction  of  the  amplitudes  of  the  annual  fluctuations 
of  temperature  on  the  surface  of  the  ground  and  to  reduction  of  the  depth  and 
rates  of  seasonal  freezing  and  thawing.  As  a result  of  that  influence,  more 
favorable  conditions  are  created  for  the  development  of  the  process  of  heav- 
ing, which  is  also  intensified  because  the  plant  cover  protects  the  soil 
against  desiccation.  The  moisture  content  of  rocks  below  a plant  layer,  as 
a rule,  is  higher  than  on  sections  bare  of  vegetation.  Similarly  to  the  snow 
and  plant  covers,  all  the  remaining  factors  of  the  natural  environment  (the 
radiation-thermal  balance,  steepness  and  exposure  of  the  slopes,  etc)  have  an 
influence  on  the  development  of  the  process  of  heaving. 
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It  follows  from  all  that  has  been  said  that  in  a frost  survey  within  the 
limits  of  the  dist  ingu ished  microregions,  homogeneous  in  geological  and  gene- 
tic complexes  and  types  of  deposits,  it  is  necessary  to  distinguish  sections,  • 
each  of  which  is  characterized  by  homogeneity  of  the  composition  of  the  rocks 
in  the  layer  of  seasonal  thawing  and  freezing  (including  the  layer  of  seasonal 
thawing  and  freezing  under  a pipeline,  road  or  other  communications),  definite 
intervals  of  change  of  their  aqueous  properties  (w,  v » WL  | anc*  pre-winter 
natural  moisture  content,  the  temperature  regime  on  tne  surface  of  the  soil 
and  definite  regimes  and  conditions  of  occurrence  of  ground  waters.  With 
formula  (8.1.1)  we  determine  the  moisture  content  of  the  threshold  of  heaving 
(w  ^)  and  in  a comparison  with  the  natural  (pre-winter)  moisture  content  of 

the  soils  and  with  consideration  of  the  depth  of  occurrence  of  the  ground 
waters,  sections  of  the  development  of  heaving  (w  > w ) and  non-heaving 
(w  < w ) soils  are  distinguished  (the  system  of  freezing  also  is  taken  into 

account  in  that  case).  The  value  of  w ^ is  calculated  on  the  basis  of  the 
average  annual  values  of  t and  A . For  grounds  classed  as  non-heaving  it 
is  necessary  to  make  an  additional  calculation  for  the  climatically  most  un- 
favorable years  --  a warm  winter,  a minimal  amplitude  of  the  air  temperatures 
and  a large  snow  cover. 

When  a territory  is  opened  up  there  are  changes  in  the  natural  situation  which 
involve  changes  of  the  temperature  and  moisture  regimes  of  deposits.  There- 
fore in  forecasting  the  calculations  of  the  heaving  of  soils  must  be  made  with 
consideration  of  the  variable  temperature  regime  and  moisture  content.  On 
a map  and  profiles  one  must  note  the  sections  of  development  of  heaving  soils, 
sections  on  which  the  heaving  of  soils  is  possible  in  sepjarate  unfavorable 
years,  and  sect  ions  on  wh ich  after  development  of  the  territory  the  soils  will 
go  over  into  the  category  of  heaving  soils. 

The  amount  of  heaving  should  be  calculated  with  the  method  presented  in  sec- 
tion 12,  Chapter  3.  The  starting  parameters  must  consider  the  influence  of 
all  natural  factors  in  their  interaction.  A list  of  those  parameters  and 
conditions  includes:  the  aqueous  properties  of  the  soils  --  the  initial 

moisture  content  over  the  profile,  the  absolute  moisture  capacity,  the  limits 
of  plasticity,  the  content  of  unfrozen  water  in  the  range  of  temperatures , 
the  coefficient  of  therntil  and  moisture  conductivity,  the  temperature  regime 
of  the  deposits,  the  coefficient  of  thermal  conductivity  and  the  specific 
heat  of  the  ground  in  the  thawed  and  frozen  states  and  of  its  skeleton,  the 
depth  of  the  seasonal  thawing,  the  possibilty  of  disconnecting  the  layer  of 
winter  freezing  from  the  surface  of  permafrozen  rocks,  the  depth  of  occurrence 
of  the  water-bearing  horizon,  the  time  of  its  existence  and  the  rate  of  its 
exhaustion.  Some  examples  of  the  calculations  are  presented  in  section  3, 
Chapter  9.  In  addition,  the  probability  of  development  and  an  approximate 
estimate  of  the  amount  of  ground  heaving  can  be  determined  with  the  following 
calculating  procedure. 

Determination  of  the  Probability  of  Development  of  Heaving  and  Its  Possible 
Amount  (Example  43) 

For  example,  in  the  process  of  a frost  survey  the  following  data  were  obtained. 
The  investigated  section  with  a high  flood  plain  is  composed  of  alluvial  loams 
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Figure  111.  Diagram  of  w as  a 
function  of  temperature  for  loam. 


(alQjy)  with  a density  of  l.l  g/cm  , the  natural  moisture  content  of  which 

in  the  layer  of  seasonal  freezing  in  the  autumn  (before  the  start  of 

freezing)  varies  from  18  to  35%;  ground  waters  are  absent.  The  temperature 

regime  on  the  surface  of  the  soil  Is  characterized  by:  t = 0.5°  and  A 

= 14  , and  the  average  temperature  on  the  surface  of  the  ground  during  the 

winter  period  (t  ) is  -8  . The  data  of  laboratory  determinations  of  the 

1 o— wtr  J 

properties  of  loam  are  as  follows:  w = 39%  and  w,  = 20%  (w.  is  the  moisture 

un  b b 

content  on  the  boundary  of  rolling);  at  w = 20-25%,  = 1.2  and  at  w = 35%, 

A,  = 1.3  kcal/ (in)  (degree)  (hr);  the  amount  of  unfrozen  water  in  loam  as  a 
function  of  the  negative  temperature  varies  according  to  the  diagram  (Figure 
111);  C = 0.18  kcal/ (mJ) (degree).  It  is  required  to  determine  the  sections 
with  the  greatest  probability  of  development  of  ground  heaving  and  calculate 
the  amount  of  heaving. 


Solution.  1.  To  contour  the  sections  in  which  the  process  of  heaving  devel- 
ops during  freezing  we  calculate  the  moisture  content  of  the  threshold  of 
heaving  of  loam  (w  ) with  formula  f8.1.1)  in  accordance  with  the  rate  of 
freezing  characteristic  of  the  given  temperature  regime  of  the  surface  of  the 

soil.  According  to  Table  65  the  coefficient  n is  equal  to  0.5;  at  t 

Qo  _ , o-wtr 


0 91  • ••  0,91  • 39  15,  i . 

'■:?  ’ 11 

iyn „ G - 0,5(35,5  -6)  21"0. 


Consequently,  within  the  limits  of  the  investigated  section  under  natural 
conditions  heaving  will  occur  everywhere  where  the  moisture  content  of  the 
loam  exceeds  21%. 


2.  To  distinguish  within  the  section  areas  with  a different  degree  of  mani- 
festation of  heaving  we  calculate  its  value  in  loams  with  moisture  contents 
of  25  and  35%.  To  do  that  we  use  the  formula  of  V.  0.  Orlov  (1970): 


(omA, 

(8.1.2) 

M^>;  A~.  w lK„(/,)]wp; 

(8.1.3) 

« -'•09|/r 

(8.1.4) 

q (lif  --  li-'p)* 

(8.1.5) 

u‘p 
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where  % k is  the  specific  gravity  of  the  skeleton  of  the  thawed  ground  (g/ 
/cm5);  s / is  the  specific  gravity  of  water  (g/cc);  h is  the  depth  of  the 
seasonal  freezing  of  the  ground  (cm);  w is  the  autumn  moisture  content  of  the 
thawed  ground  within  the  limits  of  the  freezing  layer,  in  fractions  of  unity 
(with  consideration  of  variation  in  the  process  of  use);  w^  is  the  moisture 
content  on  the  boundary  of  rolling  (in  fractions  of  unity);  K (t  . ) and 
K (t  ) are  correction  factors  taken  in  accordance  with  Table  C66alI"as  a func- 
t^on^of  the  average  winter  air  temperature  (t  . ) (equated  to  the  temperature 
of  freezing  of  the  ground)  and  the  temperature  (t  ) at  which  the  movement  of 
moisture  in  the  ground  ceases;  1r\  is  a correction  fictor  taken  in  accordance 
with  Table  66  as  a function  of  the  type  of  ground  and  t ; w , is  the  plas- 

V p 1 * 

ticity  number.  ^ 


3.  We  determine  the  depth  of  the  seasonal  freezing  of  loam  with  moisture 

contents  of  25  and  35%  at  t,  = t = 0.5°;  A = 14  . 

So  o 

a.  For  loam  with  w = 25%  in  accordance  with  (4.1.8)  and  (4.1.6)  Q = 16,720 

kcal/m  ; = 370  kcal/(m  )(degree),  A = 1.2  kca 1/ (m) (degree ) (hr  ) . Accord- 
ing to  the  nomograms  (Figures  17  and  19)  we  find  that  § = 2.1  /T72  = 2.4  m 

w_ 2.  j/o 

3 

b.  For  loam  with  w = 35%  correspondingly  Q,  = 25,520  kcal/m  ; C = 424 
kcal/(m  ) (degree ) and  * 1.3  kca 1/ (m) (degree) (hr ).  With  the  sa&e  nomograms 

we  find  that  ] = 1.7  \fw$  ^ 2.0  m. 

J w=35/o 


4.  We  find  the  amount  of  heaving  during  freezing  of  loam  with  moisture  con- 
tents of  25  and  35%.  In  that  case  we  assume  that  for  the  given  ground  t 
= -2.5  ; from  the  condition  of  the  problem  t = -8°.  From  Table  66  we  f^nd 
that  A = 5;  with  (8.1.4)  we  find  that 

B 1.09  [/ -M.  0,61. 

a.  For  loam  with  w = 25%  we  find  with  (8.1.5)  and  (8.1.3) 

c JHL:? 2»L  1.25.  Ay  25  - 0.45  - 20  16. 

20 

A,  25  - 0,57  - 20  13,6. 

In  accordance  with  the  obtained  initial  data  with  (8.1.2)  we  find  that 


LLlld  ( 0,09  • 

i.o  V 


Ifi  5-0.61-1.25 


b.  For  loam  with  w = 35%  we  find  accordingly  that 


C 


(33  20)a 

20 


11,2;  /I,  35  — 0,45-20  26  n .4,  35  0,57-20  23,6; 


l.l  2j0 

l." 


0,09  • 26  i 5 • 0,61  • 11,2  1/  (j 


1 

10 

13. r. 

•p  o • i ,2o 

that 

H A. 

35  0 

20 

23,6 

. 5-11,2 

'j  52,3  cm. 


As  so  we  obtain  the  answer  that  the  amount  of  heaving  of  loams  with  a moisture 
content  of  25%  at  the  given  temperature  regime  on  the  surface  and  depth  of 
seasonal  freezing  (2.4  meters)  is  21.6  meters,  and  the  heaving  of  loams  with 
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Table  66 


L>  12 * • * V - w U>»  I 

Valuas  of  indices  and  coefficients  in  formula  (8.1.2)  according 
to  V.  0.  Orlov  (1970) 


1 

■ 

Tom  < j*.' 
TVTfl  ty 

3Ma«H*n 

Kh  (/„)  » > 

M 

Ha,  w«  HOE.  ; ,T.»  j 

Mhc  »>  n.iac- 

’ TH  U* 

3hv»i*'mkc 

n 

— 0.3 

-c.:. 

— 1 

-f 

Cvm  eb  b.i'i 

1 .5 

3,55 

0 5 

0.35 

1 

0,3  j 
1 

0.2.5 

Cyi.f  o uj.-.c  iTr  i 

1 M • 

2,0 

5.00 

Ot.ujhok  .it-.  ’ .r’j 

7 < - n.1  < 1 J 

-2.0 

1,25 

0,0 

0.5 

| 

0,45 

0.1 

i yr.i.iK.  K MJ* 

.It  • 

2,5 

5.0) 

Cyr.lHH"-.  TH/M.  uii 

Cyr.il !H  'K  TH/MV.i-V  MU 
ruff 

jl  17 

2.5  - 
3.0 

3.80 

5.35 

o.r.v 

(J  ,65 

0 , 55 

0.5 

0.4:, 

niHHa 

—4.0 

2,5 

0.95 

0,9 

0,65 

j 0,0 

0,55 

Key:  A - Type  of  ground  B - Plasticity  number  w C - Temperature  t , °C 

D - Value  of  E - Values  of  K (t  . ) ^ and  K (t  ) 

c a lr  eg 

1 - Light  sandy  loam  2 - Silty  sandy  loam  3 - Light  loam 
U - Light  silty  loam  5 - Heavy  loam  6 - Heavy  silty  loam 
7 - Clay 

Note  1.  For  intermediate  values  of  the  temperature  the  value  of  the 

indicators  is  obtained  by  interpolation. 

Note  2.  The  value  of  the  coefficients  K is  determined  at  temperatures 

of  0.5  t and  0.5  t . C 

g o 

a moisture  content  of  35%  at  the  same  temperature  regime  and  a corresponding 
depth  of  freezing  t 2 m)  reaches  52.3  cm.  The  relative  amount  of  heaving  in 
the  second  case  is  larger  than  in  the  first  by  30.7  cm. 

/Regularities  of  the  formation  and  predicting  the  development  of  hummocks  of 
heaving/.  Under  the  natural  conditions  of  the  region  of  propagation  of  per- 
mafrozen  rocks  and  deep  seasonal  freezing  the  processes  of  heaving  can  lead 
to  the  formation  of  hummocks  of  heaving. 

The  formation  of  hummocks  of  heaving  involves  processes  of  water  migration 
during  freezing  and  the  accumulation  of  ice.  The  local  accumulation  of  ice 
can  occur:  1)  by  the  formation  and  accumulation  of  segregation  ice  as  a result 
of  moisture  migration  under  the  influence  of  the  temperature  gradient  and 
moisture  content  and  2)  by  the  movement  of  water  under  the  effect  of  the 
hydrcstatic  pressure  developing  in  closed  systems  dur ing  their  freezing.  Thus 
form  humnocks  on  the  basis  of  the  accumulation  of  injection  ice. 

We  will  examine  first,  on  the  basis  of  the  first  of  those  processes,  the  for- 
mation of  peat  hummocks  which  are  widespread  in  a region  of  permafrost. 
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It  Is  known  that  peat  and  moss  contain  a large  amount  of  moisture  and  so  the 
thermal  conductivity  of  frozen  peat  is  considerably  greater  than  that  of 
thawed  peat  and  it  is  more  strongly  cooled  in  winter  than  it  is  warmed  in  sum- 
mer. As  a result  of  that,  in  it  forms  a temperature  shift  which  often  reaches 
2 or  more.  A large  amount  of  solar  radiation  on  swampy  sections  is  expended 
on  the  evaporation  of  moisture  from  the  surface  of  moss  and  peat,  which  also 
leads  to  a reduction  of  the  temperature  of  the  latter  as  compared  with  sec- 
tions composed  from  the  surface  of  mineral  soil.  What  has  been  said  above  is 
shown  schematically  on  Figure  112. 


Figure  112.  Course  of  the  isotherms 
and  the  direction  of  water  migration 
in  the  stunner  under  the  area  of  moist 
peat  or  moss  (1)  and  on  loamy  soil  (2). 


Moisture  present  in  the  ground  will  as  a result  of  thermal  diffusion  migrate 
in  the  direction  of  the  heat  flux  and  accumulate  mainly  in  a frozen  rock  mass 
extended  above  the  surface,  determined  by  the  isotherm  0°. 

If  a hummock  or  system  of  hummocks  has  heaved  slightly,  then  in  subsequent 
years  their  further  growth  is  facilitated  and  intensified  because  the  snow 
is  blown  off  them  and  accumulates  in  the  lows  between  the  hummocks.  This 
assures  more  intensive  cooling  of  the  apices  of  the  hummocks  and  weaker  cool- 
ing of  the  lows  between  them.  In  the  summer  the  lows  are  warmed  more  strongly 
than  the  apices,  since  water  which  accumulates  substantial  amounts  of  heat 
is  accumulated  in  them.  As  a result  of  that  the  isotherms  under  the  hummocks 
bend  more  sharply,  the  migration  of  moisture  under  them  is  intensified  and 
their  growth  is  accelerated.  The  course  of  the  isotherms  and  heat  fluxes 
under  a system  of  hummocks  of  migration  heaving  is  depicted  on  Figure  113. 


Figure  113.  Disposition  of  isotherms  and  direction  of  moisture 
migration  under  peat  hummocks  in  summer. 

When  the  huianocks  are  sufficiently  high,  processes  which  weaken  their  growth 
start  to  develop.  The  upper  parts  of  the  hummocks  become  less  moist,  moss 
ceases  to  grow  on  them,  the  peat  is  uncovered  and  dries,  and  often  cracks 
as  a result  of  contraction  of  its  volume  or  as  a result  of  the  bulging  out 
by  ice  from  inside.  The  surface  of  the  ice  lenses  is  revealed,  they  thaw 
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out  and  the  hummock  subsides.  At  times  that  bulging  out  of  the  rock  by  a 
forming  lens  of  ice  attains  great  force  and  can  lead  to  destructive  conse- 
quences. 

Hummocks  of  migration  heaving  usually  achieve  a height  of  1.5-2  meters  and 
often  go  beyond  the  range  of  4 meters.  Their  diameters  are  very  varied.  On 
peat  bogs  complex  systems  of  hummocks  form,  separated  by  channels.  Such 
formations  usually  are  called  hummocky  peat  bogs. 

According  to  the  observations  of  A.  I.  Popov  in  Western  Siberia  (Popov,  1957) 
the  natural  moisture  content  of  loam  under  a peat  bog  reached  35-80%,  whereas 
beyond  its  limits  on  the  periphery  it  did  not  exceed  15-20%.  This  fact  con- 
firms the  presence  of  the  above-described  process  of  moisture  migration  under 
peat  bogs.  ?"eat  bogs  with  hummocks  of  migration  heaving  are  encountered  more 
often  in  high-temperature  peripheral  zones  of  regions  of  permafrost  south  of 
the  zone  of  underground  vein  ices.  They  are  very  greatly  developed  in  the 
European  North  of  the  USSR  and  in  Western  Siberia,  and  less  developed  in  the 
eastern  regions  of  Siberia.  North  of  that  zone  the  development  of  hummocky 
peat  bogs  is  complicated  by  the  formation  in  them  of  system  of  vein  ices  and 
accompanying  processes.  The  formation  of  migration  hummocks  of  heaving  often 
is  observed  also  in  mineral  soils.  Usually  they  are  confined  to  the  periphery 
of  the  bands  of  runoff  and  the  marginal  part  of  lake  basins  and  swamps.  The 
main  conditions  of  their  formation  are  irregularity  of  freezing  and  the  pre- 
sence of  thawed  masses  of  water-saturated  rocks,  from  which  moisture  migration 
toward  the  front  of  freezing  proceeds.  It  is  precisely  for  this  rear  on  that 
mineral  hummocks  of  heaving  develop  on  the  marginal  part  of  taliks,  on  sec- 
tions with  nonconverging  frost. 

The  second  type  of  hummocks  of  heaving  consists  of  hummocks  forming  as  a re- 
sult of  the  accumulation  of  injection  ice  under  the  conditions  of  freezing 
of  large  closed  systems.  The  mechanism  of  formation  of  such  hummocks,  called 
"bulgunnyakh i"  in  the  USSR  (Yakutiya)  and  hydrolaccoliths  (at  the  suggestion 
of  L'vov,  1916  and  Tolstikhin,  1932),  and  in  America  "pingo",  can  be  described 
as  follows. 

If  above  a permafrozen  rock  mass  there  is  a body  of  water  with  a relatively 
small  basin  of  thawing  under  it,  then  when  such  a talik  freezes  a mass  of 
thawed  soil  and  water  enclosed  on  all  sides  (a  closed  system)  usually  forms. 
The  pressure  in  that  system  during  freezing  of  the  talik  rapidly  increases 
to  very  high  values.  Under  the  influence  of  that  pressure  the  water  and  the 
water-saturated  ground  are  squeezed  at  the  weakest  point  of  such  a system, 
where  they  elevate  the  ice  into  the  upper  layer  of  frozen  ground,  forming  a 
huMiock  (Figure  114).  Later  that  hunmock  freezes  and  in  it  form  lenses  or 
layers  of  injection  ice.  If  the  process  of  heaving  ends  there  and  in  sunnier 
there  are  thawing  of  the  ice  and  subsidence  of  the  heaved  surface,  such  hum- 
mocks are  called  seasonal  humnocks  of  heaving.  But  the  process  can  recur 
in  the  course  of  a number  of  years  and  lead  to  the  development  of  perennial 
hummocks  of  heaving  which  reach  a height  of  8-12  meters  (Figure  113).  The 
maximal  height  and  rate  of  growth  of  bulgunnyakh!  can  be  calculated  as  fol- 
lows . 
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Figure-  114.  Schematic  diagram  of  the  for- 
mation of  bulgunnyakhi  (according  to  B.  N. 
Dostovalov,  1967):  1 - water;  2 - thawed 
ground;  3 - frozen  rock  mass;  4 - ice;  5 - 
thawed  and  frozen  ground  which  formed  a 
bulgannyakh,  squeezed  upward.  I - initial 
stage,  summer  thawing;  II  - freezing  of 
water  and  ground  on  the  bottom  and  forma- 
tion of  a closed  system;  III  - increase  of 
pressure  in  the  system  during  freezing  and 
squeezing  out  of  thawed  and  frozen  ground 
upward  at  a weak  point,  leading  to  the  for- 
mation of  a bulgunnyakh. 


Figure  115.  Hummock  of  heaving. 

Determination  of  the  Dimensions  of  a Perennial  llunmock  of  Heaving  and  the 
Dynamics  of  Its  Growth  (Example  44) 

In  the  investigated  region,  in  connection  with  the  drying  of  thermokarst 
lakes  and  the  new  formation  of  permafrozen  rocks,  it  is  necessary  to  deter- 
mine the  possible  maximal  volume  of  a perennial  hummock  of  heaving  and  the 
dynamics  of  its  growth.  The  frost  conditions  ufe  characterized  by  the  fol- 
lowing data:  t . - -11°;  A = 23°;  z = 0.4  m;  p = 0.22  g/cc.  The 

air  air  sn  'sn 

dejx>sits  within  the  limite  of  the  sub-lake  talik  consist  of  a water-saturated 
sandy  loam  with  A . « 1450  kg/cm  , w = 30%,  the  porosity  n = 0.46;  a = 1.3 

SK  n I 

kcal/(m)(t}egree)(hr) ; Q,  = 35,000  kcal/m  . The  area  of  the  sub- lake  talik 
is  1500  m and  the  depth  of  the  basin  of  thawing  at  the  moment  of  drying  up 
of  the  lake  and  the  start  of  freezing  of  the  rocks  attains  20  meters. 
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Solution.  1.  Vie  calculate  the  volume  of  water  (V  ) contained  in  the  talik. 

W 0 

Since  the  volume  of  the  ground  in  the  basin  of  thawing  is  1500  r x 20  i = 

* 30,000  nr  and  the  porosity  is  0.46,  then 

V 30000-0,46  13800  m1. 

2.  We  calculate  the  total  increase  of  volume  of  the  ground  (AV)  during  the 
complete  freezing  of  a talik  on  account  of  increase  of  the  volume  of  the  water 
which  has  become  ice: 

l'.,  13  800-1,09  15042  jii3, 

•W,  l/,  V„  15012  -13800  1242  .u3. 

3.  It  has  been  established  by  observations  that  during  the  freezing  of  a 
talik,  side  by  side  with  the  formation  of  a hummock  of  heaving  there  is  a 
swelling  of  the  surface  (hydrotherma l movement)  rather  uniform  in  area.  The 
height  of  the  uplift  of  the  surface  is  7 cm  on  the  average.  We  calculate  the 
increase  in  volume  of  the  ground  corresponding  to  it: 

V'  1500-0,07  105  M*. 

v no  4 

4.  We  find  the  maximally  possible  volume  of  the  hummock  (V  ) during  complete 
freezing  of  tocks  in  the  basin  of  thawing: 

V'  1 242  — 105  1137 

„ 2 

If  the  area  of  the  base  is  120  m then,  obviously,  the  height  of  the  hummock 
of  heaving  will  be  at  least  9.4  meters. 


5.  For  an  approximate  estimation  of  the  dynamics  of  growth  of  a perennial 
hummock  of  heaving  it  is  possible  to  use  the  approximate  Stefan  formula 
(3.7.7).  Since  in  accordance  with  that  formula  the  depth  of  freezing  is  pro- 
portional to  [x  , then,  consequently,  the  increase  of  volume  of  the  frozen 
ground  will  also  be  proportional  to  fx  , and,  correspondingly,  the  growth  of 
the  hummock  will  follow  that  regularity. 


We  find  the  depth  of  freezing  of  the  talik  after  10,  50  and  100  years.  The 
average  annual  temperature  on  the  surface  of  the  deposits  in  the  period  of 
freezing  is:  zlt  “ 23  x 0.213  » 5f  , t “ -11  + 5 ■=  -6  . Then  in  accordance 
with  (3.7.7):  s"  ° 

,,  . / I ..1  (,-Ul  HVliO  , , 

//,  li  1/  --  1.1  M, 

l'  3.»  (XX) 

II,  4,1-  1/5  9,9 

//,  ,w  4,4-  {/10  13,9  m. 


In  accordance  with  the  depth  of  freezing  the  increase  of  volume  of  the  ground 
will  occur;  in  the  first  10  years  the  increase  will  be: 

V„  1500-4,4-0,46  2640  m\ 

\V  2640-0,09  237,6  m‘. 


356 


If  of  th.it  volume  about  7%  of  the  total  increase  of  volume  will  he  used  for 
swelling  of  the  surface  over  the  entire  area  of  the  talik,  the  following  vol- 
ume- will  be  required  for  growth  of  the  hummock: 

'/  2'$7.«>  - i'T.07 - 237 ,G)  -Jj: 

At  an  area  of  the  base  of  the  hummock  of  120  mf  , in  10  years  its  height  will 
reach  1.8  meters.  In  50  years  it  will  grow  to  be  2.25  times  as  large,  and 
in  100  years  3.15  times. 

The  proposed  method  of  estimating  the  dynamics  of  growth  of  a jerennial  hum- 
mock is  approximate,  as  in  the  calculations  substantial  assum;  tions  are  made, 
in  particular,  moisture  migration  toward  the  front  of  freezing  is  not  taken 
into  consideration.  However,  that  method  can  be  used  in  a frost  survey  for 
an  approximate  prediction. 

Bulgunnyakhi  are  widespread  in  Central  Yakutiya,  in  "alasy"  --  depressions 
which  form  during  the  thawing  of  thick  reopened-ve in  ices.  They  are  also 
widespread  in  the  northern  part  of  the  European  part  of  the  USSR  and  Western 
Siberia,  in  the  Northern  Urals,  Zabaykol'ye»  the  northeastern  part  of  the 
USSR  and  North  America. 

Injection  one-year  hummocks  of  heaving  are  formed  by  waters  on  top  of  frost. 

A necessary  condition  of  their  formation  is  irregularity  of  the  freezing  of 
a water-bearing  seasonally  thawing  layer,  as  a result  of  which  in  the  forming 
closed  space  the  waters  on  top  of  the  frost  create  a head  during  further 
freezing  of  the  layer.  As  a result  of  the  introduction  of  water  under  press- 
ure hummocks  form  with  an  ice  lens  consisting  of  underground  ice.  The  pos- 
sibility of  the  formation  and  the  amount  of  the  underground  ice  are  determined, 
besides  the  indicated  reasons,  by  the  compos  it  ion  of  the  soils  in  the  layer 
of  seasonal  freezing  and  thawing,  their  filtration  properties,  and  the  regime 
and  dynamics  of  the  waters  on  top)  of  the  frost. 

Heaving  wh ich  appears  sometimes  on  roods,  air  strips  and  construction  sites 
represents  the  formation  for  the  most  part  of  seasonal  hummocks  of  migration 
and  injection  origin.  They  are  observed  both  in  the  zone  of  permafrost  and 
in  regions  of  deep  seasonal  freezing.  Preventing  and  combatting  them  are 
important  problems  of  engineering  geocrynlogy. 

/Processes  of  heaving  in  different  frost-temperature  zones  and  geostructura 1 
regions/.  For  latitudinal  zones  the  maximal  depths  of  seasonal  freezing  and 
thawing  are  noted  near  the  southern  boundary  of  permafrost.  South  and  north 
of  it  those  depths  diminish,  and  the  thermal  cycles  in  the  layer  of  seasonal 
freezing  and  thawing  behave  in  a corresponding  manner.  The  minimal  rates  of 
freezing  (thawing)  are  noted  near  the  southern  boundary  of  the  permafrost 
region.  South  and  north  of  it  those  rates  increase  sharply.  All  this  tes- 
tifies to  more  favorable  conditions  for  the  development  of  heaving,  all 
other  conditions  being  equal,  near  the  southern  boundary  of  permafrost  in 
both  the  region  of  seasonal  freezing  and  the  region  of  seasonal  thawing. 
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In  transitional  and  semi-transitional  types  of  seasonal  freezing  and  thawing 
(t^  from  0 to  +2  ) the  maximal  amounts  of  heaving  are  noted,  which  reach 
10-20  and  even  50  cm,  A characteristic  feature  under  those  conditions  is 
t . devi  ' >pment  of  processes  of  hi  >ving  during  the  entire  winter.  Often  the 
intensity  of  heaving  does  not  only  not  decrease  but  it  even  increases  in  the 
siring.  The  maximal  total  amount  of  heaving,  as  a rule,  is  confined  to  the 
uj  i jr  third  of  the  layer  of  seasonal  freezing  (thawing,).  Within  the  limits 
of  the  first  two  frost-tern;  jrature  zones,  sharj  changes  of  the  air  tempera- 
ture and  especially  warmings  are  of  very  great  importance.  The  latter  lead 
to  substantial  decrease  of  the  temperature  gradients  in  the  layer  of  seasonal 
freezing  and  to  a sharj  decrease  of  the  freezing  rates.  As  a result,  favor- 
able conditions  are  created  for  the  formation  of  ice  schlieren  and  the  growth 
of  heaving. 

It  is  obvious  that  during  seasonal  freezing  that  effect  is  intensified  from 
north  to  south  and  weakens  within  the  limits  of  permafrost  from  south  to  north. 
Within  the  limits  of  frost-temperature  zones  IV  and  V it  is  almost  completely 
excluded.  Within  the  limits  of  all  frost-temperature  zones  of  a different 
kind  of  cover  (plant  and  snow),  as  a rule,  they  contribute  to  the  formation 
of  schlieren  ices  during  the  freezing  of  the  ground  and  the  development  of 
heaving.  This  factor  is  of  especially  great  importance  within  the  limits  of 
spread  of  transitional  and  semi-transit iona 1 types  of  seasonal  freezing  and 
thawing  of  rocks. 

The  formation  of  ice  schlieren  and  the  differentiation  of  moisture  in  the 
layer  of  seasonal  freezing  and  thawing  lead  to  the  structur iz ing  of  the  soils 
and  their  dispersion. 

A substantial  difference  in  the  heaving  of  soils  is  noted  in  different  cli- 
matic zones.  The  maximal  rates  of  freezing  are  characteristic  of  regions 
with  a sharply  continental  climate,  and  minimal  for  maritime  coasts,  where 
the  continental  character  of  the  climate  is  minimal.  Because  of  this,  in 
spite  of  the  deeper  freezing  in  regions  with  a sharply  continental  climate 
and  sirull  depths  in  regions  with  a maritime  climate,  the  amount  of  heaving 
has  a reverse  dependence  in  relation  to  depth.  This  is  connected  with  the 
more  frequent  recurrence  of  warmings  and  thawings  under  the  conditions  of  a 
maritime  cl  invite  than  of  a sharply  continental. 

Of  great  importance  in  the  formation  of  heavings  is  the  compos  it  ion  of  the 
soils  and  their  moisture  regime.  With  respect  to  the  first  factor  it  should 
be  said  that  it  mainly  is  azonal  and  connected  with  distinctive  features  of 
the  geological  and  genetic  complexes  and  types  of  rocks.  Within  the  range 
of  spread  of  thick  rock  masses  of  Cenozoic  deposits,  consisting  of  coarse- 
grained material  (gravel-pebble  deposits  and  sands  of  different  particle 
sizes)  of  alluvial,  lake-alluvial,  fluvoglaciul  and  marine  genesis  heavings, 
as  a rule,  are  absent.  Within  the  limits  of  development  of  finely  dispersed 
rocks  of  alluvial,  deluvial,  eluvial  and  glacier  genesis  heavings  can  be  en- 
countered everywhere  in  the  presence  of  a corresponding  moisture  regime. 

Side  by  side  with  geological  and  genetic  features,  the  composition  of  rocks 
also  has  a certain  dependence  on  latitudinal  zonation.  It  Is  generally  known 
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that  silty  soils  are  specific  for  a permafrost  region  and  also  are  prevalent 
in  northern  regions  of  the  region  of  seasonal  freezing.  This  is  connected 
with  distinctive  features  of  processes  of  weathering  during  multiple  freezing 
and  thawing  of  soils.  Silty  soils,  as  a rule,  are  characterized  by  a large 
coefficient  of  thermal  and  moisture  conductivity  and  therefore,  all  other 
conditions  being  equal,  have  more  heaving.  In  relation  to  the  moisture  re- 
gime it  should  be  said  that  strongly  moistened  soils  are  very  widespread  on 
the  plains  territories  of  platform  regions.  Therefore  here  the  process  of 
heaving  can  be  spread  over  great  areas.  Within  the  limits  of  rugged  terrain 
in  mountainous  folded  regions  the  higher  moisture  content  of  rocks  is  encoun- 
tered locally  where  drainage  of  the  soils  is  difficult.  Within  the  limits 
of  the  spread  of  old  crystalline  masses  where,  as  a rule,  coarse-grained 
eluvium  and  deluvium  is  developed,  heaving  is  almost  not  encountered  at  all. 

On  sections  covered  with  finely  dispersed  Quaternary  deposits  of  glacial  or 
any  other  genesis,  the  development  of  heaving  will  be  determined  by  the 
moisture  regime  of  those  deposits. 

2.  Regularities  in  the  Formation  and  Prediction  of  the  Development  of  Ice  Bodies 

Ice  bodies  is  the  name  usually  given  to  horizontal  layers  of  ice  formed  during 
the  freezing  of  water  which  has  flowed  out  under  pressure  on  the  surface  of 
river  ice  and  the  adjacent  part  of  a valley,  as  a result  of  freezing  of  the 
riverbed,  and  also  the  introduction  under  pressure  and  the  freezing  of  water 
between  layers  of  rock  (underground  ice  bodies).  Ice  bodies  form  both  in  the 
region  of  development  of  permafrost  and  beyond  its  limits  under  the  conditions 
of  a continental  climate.  Ice  bodies  are  characterized  by  different  form  and 
dimens  ions . 

On  the  basis  of  genesis  ice  bodies  are  distinguished  which  are  formed: 

a)  from  the  surface  waters  of  rivers,  brooks  and  lakes; 

b)  from  underground  waters  --  waters  of  the  layer  of  seasonal  thawing  and 
the  ground  waters  of  thawed  zones,  the  waters  of  alluvial  currents  under 
channels  (permeating  and  non-permeating  taliks)  and  waters  of  deep  sub- 
frostal  and  interfrosta 1 circulation; 

c)  from  mixed  feeding  sources  (surface  and  subsurface  waters).  Such  ice 
bodies  are  very  widespread. 

Ice  bodies  of  surface  waters  form  as  a result  of  winter  freezing  of  the  cross 
section  of  the  current  and,  in  connection  with  that,  increase  of  the  hydro- 
dynamic  pressure  of  the  water,  which  leads  to  disruption  of  the  continuity  of 
the  ice  cover  and  the  outflow  of  water  on  the  surface  of  the  ice. 

Ice  bodies  of  subsurface  waters  are  formed:  1)  at  the  j laces  of  emergence  of 
steady  subaerial  sources;  2)  at  the  places  of  emergence  of  steady  subaqueous 
sources.  Above  and  below  the  sources  often  there  are  spaces  of  open  water 
which  do  not  freeze  during  the  entire  or  a large  part  of  the  winter;  3)  during 
the  compression  of  the  cross  section  of  the  flow  of  ground  waters  (including 
the  sub-channel)  as  a result  of  the  winter  freezing  of  rocks,  the  acquisition 
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of  pressure  by  the  waters,  their  bursting  through  the  seasonally  frozen  layer 
and  their  flow  out  on  the  surface.  The  compression  of  the  flow  of  ground 
waters  can  be  caused  by  either  natural  factors  or  the  intervention  of  man. 

On  the  basis  of  position  on  the  relief  ice  bodies  are  subdivided  into  water- 
shed, permeating  the  base  of  slopes,  terrace,  detrital  cone,  of  ravines, 
flood-plain,  riverbed,  scarps  and  artificial  workings. 

On  the  basis  of  their  bedding  ice  bodies  are  divided  into  those  on  the  ground 
and  buried  (subsurface),  and  of  the  time  of  formation  into  contemporary  and 
old  (mineral). 

The  mechanism  of  formation  of  underground  ice  bodies  has  great  similarity 
with  that  of  injection  hummocks  of  heaving  --  bulgunnyakhi  or  hydrolaccoliths. 

On  the  basis  of  length  of  existence  ice  bodies  are  divided  into  seasonal 
(forming  in  winter  and  existing  pjart  of  the  sunnier),  suirriering  (forming  in 
winter  and  lasting  to  the  end  of  sunnier)  and  perennial  ("taryny").  These  are 
gigantic  ice  bodies  encountered  in  the  northeastern  part  of  Yakutiya  and 
forming  in  winter  due  to  emergences  on  the  surface  of  large-discharge  sources 
under  the  conditions  of  an  especially  sharp:  continental  climate.  In  summer 
they  thaw  only  partially. 

Ice  bodies  have  different  periods  of  formation.  Some  ice  bodies  are  formed 
completely  at  the  start  of  winter,  and  others  are  formed  in  the  middle  and 
even  at  the  end  of  winter,  in  the  period  of  maximally  deep  winter  freezing. 

A third  are  formed  in  the  course  of  the  entire  winter. 


Depending  on  the  discharge  of  the  sources,  the  morphological  structure  of  the 
ice  section  and  the  frost  conditions  on  the  adjacent  territory  of  the  area 
occupied  by  the  ice  bodies,  the  volumes  of  ice  of  the  ice  bodies  (Table  67) 
are  also  different. 


Table  67 


l 

5 

6 


Key: 


A - 
C - 
D - 
3 - 


Classification  of  ice  bodies  by  area  and  by  volume  of  the  ice 
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Class  B - Area  of  ice  body  (m  ) according  to  V.  G.  Petrov 
Volume  of  ice  of  ice  body  (nr)  according  to  A.  1.  Kalabin 
Same  according  to  A.  S.  Simukov  1 - Very  small  2 - Small 
Medium-sized  4 - Large  5 - Very  large  6 - Gigantic 
smaller  than  102  b - from  102  to  ltr  c - larger  than  106 
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The  length  of  existence  of  ice  bodies  is  dstermined  by  the  regime  of  the 
springs  forming  those  ice  bodies.  The  increase  of  size  of  the  ice  body  is 
determined  by  the  discharge  of  the  source  in  the  winter,  and  the  destruction 
by  the  intensity  of  thawing  of  the  ice  in  the  spring  and  summer  period.  The 
process  of  thawing  of  ice  is  determined  by  the  amount  of  absorbed  solar  radi- 
ation and  the  structure  of  the  radiation-thermal  balance  of  the  surface.  Un- 
der the  conditions  of  the  Far  North  very  large  and  gigantic  ice  bodies  do  not 
succeed  in  completely  thawing  during  the  short  summer  period,  as  a result  of 
which  perennial  ice  bodies  form.  They  can  be  developing,  stable  and  degrad- 
ing. The  conditions  of  their  development  can  be  recorded  in  the  following 
manner: 

developing, 
stable, 
degrad ing. 

The  general  procedure  for  calculating  the  regime  and  dynamics  of  an  ice  body 
can  be  illustrated  as  follows. 

Estimation  of  the  Dynamic^  of  Growth  of  an  Ice  Body  and  Its  Thawing  (Example  45) 


1) 

Q. 

input 

> Q 

output 

2) 

Q.  _ 

input 

^output 

3) 

Q 

input 

< Q 

output 

In  the  investigated  region  in  the  valleys  of  small  rivers  annual  and  perennial 
ice  bodies  are  observed  which  form  at  the  places  of  discharge  of  subsurface 
waters.  In  one  such  valley  the  regime  has  been  studied  of  a source  situated 
in  the  lower  part  of  a slope  and  confined  to  the  fault  zone  along  which  the 
discharge  of  subfrostal  stra ta 1 -f issure  waters  of  a Cambrian  complex  of  de- 
posits proceeds.  The  discharge  of  the  source  in  the  period  of  formation  (or 
enlargement)  of  the  ice  body  varies  in  the  following  manner  (Table  68). 

3 

Table  68  Discharge  of  the  source  (m  /day)  forming  an  ice  body 


JloTii  3.*M*-pa 


1065  r. 

1066  r. 

l/X 

I/XI 

4/MI 

2/1 

i/ii 

1 

,m  1 !V 

31 

27.5 

20.0 

I3.$ 

10.0 

6.3 

•1.0 

Key:  A - Date  of  measurement 


The  height  of  the  ice  body  at  the  end  of  winter  reaches  1.9  meters  on  the 
average,  occupying  an  area  of  about  1500  m^.  The  growth  of  the  ice  body 
starts  about  10-15  November. 


The 
A 


climatic  conditions  of  the  region  are  characterized 
26.4°,  and  the  average  annual  air  temperature  (t 


by:  t * -9.5  ; 

jlLs  9.7*.  The 

a ir-ann 

of  heat  transfer  on  the  surface  of  the  ice  body  in  the  summer  is 
It  must  be  determined  whether  that  ice  body  is 
annual  or  perennial  and  the  shaie  of  the  surface  waters  and  atmospher lc 
precipitations  in  the  formation  of  the  ice  body. 


a ir 

coefficient 

11  kca 1/ (m2) (degree) (hr ). 
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Solution.  1.  We  determine  the  volume  of  water  of  the  source  (V  ) used  to 
form  the  ice  body.  In  accordance  with  the  length  of  growth  of  tffe  ice  body 
(from  15  November  to  l April)  and  change  of  the  flow  of  the  source  in  that 
time  (see  Table  68)  with  the  average  monthly  values  of  the  flow  (Figure  116) 


we  find  that  V 


162  7 m 


i 


22.5  x 15  + 17.2  x 31  + 11.7  x 31  + 8.3  x 28  + 5.2  x 31 


A 0 


Figure  116.  Flow  of  the  source 
forming  an  ice  body;  the  hatched 
area  shows  the  flow  of  water  in 
the  period  of  enlargement  of  the 
ice  body.  a - Q,  m^/day  b - 
T,  months 


Consequently  the  volume  of  the  ice  body  due  to  water  of  the  source  will  be: 

V„  - 1027- 1 .09  1773,4  .u3. 

2.  We  determine  the  average  height  of  the  ice  body  forming  through  the 
source  (h ’ ) if  it  is  known  that  the  area  of  the  ice  body  (S)  before  the 
start  of  thawing  is  1500  m : 


S 1500 

3.  We  determine  the  share  of  the  surface  waters  and  atmospheric  precipita- 
tions (V  ’ ) in  the  formation  of  an  ice  body  if  the  average  height  of  the  ice 
body  at  £he  end  of  winter  is  1.9  m,  and  through  waters  of  the  source  it  can 
reach  1,2  m: 

V'„  (1.9—  1,2)- 1500-0,99  1039,5  ^c3. 


4.  We  find  the  maximally  possible  thickness  of  thawing  of  the  ice  body  (h  ) 
through  the  heat  of  solar  radiation: 


h a,»i*Tx 

>1 -9, 7-3240 
to  U00 


4,3  m. 


(8.2.1) 


Consequently,  an  ice  body  with  a thickness  of  1.9  m is  an  annual  one.  Under 
the  conditions  of  the  given  region  it  thaws  in  the  first  half  of  the  summer, 
all  the  more  so  since  the  waters  of  atmospheric  precipitations  and  surface 
runoff  will  exert  an  additional  warming  influence  on  the  thawing. 


The  presence  of  an  ice  body  affects  the  temperature  regime  of  the  basement 
rocks.  As  a rule,  perennial  ice  bodies  lead  to  a sharp  reduction  of  tem- 
peratures in  the  basement  rocks,  which  is  connected  with  the  following  cir- 
cumstances. In  the  summer  period  the  presence  of  a layer  of  ice  excludes 
the  warming  of  the  soil  under  it,  the  soil  temperature  does  not  exceed  zero 
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degrees  and  seasonal  thawing  under  the  ice  body  is  completely  absent,  that 
is,  the  ground  beneath  ice  bodies  is  in  a permafrozen  state  for  a number  of 
years.  This  results  in  a sharp  reduction  of  the  average  annual  temperatures. 
In  addition  to  that,  the  year  round  the  ice  cover,  by  reflecting  the  arriving 
solar  radiation,  leads  to  a sharp  reduction  of  the  temperature  of  the  surface 
of  the  ice  as  compared  with  the  air  temperature  and,  consequently,  to  a reduc- 
tion of  the  temperature  of  the  basement  rocks. 

The  procedure  for  calculating  the  influence  of  the  ice  body  on  the  tempera- 
ture regime  of  basement  rocks  can  be  illustrated  as  follows. 

Calculation  of  the  Influence  of  an  Ice  Body  on  the  Temperature  Regime  of 
Basement  Rocks  (Example  46) 

Calculate  the  temperature  regime  of  alluvial  deposits  on  a section  of  a flood 
plain  where  in  the  winter  period  an  annual  ice  body  forms  through  surface  and 
subsurface  waters.  In  frost  investigations  it  was  established  that  the  growth 
of  an  ice  body  starts  on  1-5  October  (from  the  moment  of  stable  transition  of 
the  air  temperature  through  0 ) and  continues  to  the  end  of  February.  The 
height  of  the  ice  body  in  that  period  is  2.8  meters  on  the  average.  In  the 
first  days  of  May  the  ice  body  starts  to  thaw,  and  it  disappears  by  the  end 
of  July.  The  length  of  the  winter  period  is  7 months.  Table  69  presents  data 
characterizing  the  annual  course  of  components  of  the  radiation  balance  and 
the  average  monthly  air  temperatures.  It  has  been  established  that  after  the 
end  of  growth  of  the  ice  body,  in  March  and  April,  its  surface  does  not  have 
a permanent  snow  cover,  as  it  is  blown  away  by  winds  whose  velocity  is  great 
in  those  months  (13-15  days  of  the  month  the  wind  velocity  exceeds  6 m/sec). 

The  coefficient  of  heat  transfer  on  the  surface  ->f  an  ice  body  is  10  kcal/ 

(m  ) (hr) (degree),  and  on  the  surface  of  the  soil  --  20  kca 1/ (m^ ) (hr  ) (degree ) . 

Solution.  To  determine  the  average  annual  temperature  of  the  rocks  on  the 
section  of  development  of  an  ice  body  it  is  necessary  to  determine  the  course 
of  temperature  on  the  surface  of  the  ice  body  in  the  period  of  its  existence 
and  on  the  surface  of  the  soil  after  its  disappearance.  It  is  obvious  that 
dur’ng  the  growth  of  the  ice  body,  that  is,  from  October  to  February  inclu- 
sively, the  temperature  of  its  surface  will  be  considerably  above  the  air 
temperature,  as  in  that  period  water  is  crystallized  and  the  released  heat 
prevents  lowering  of  the  surface  temperature.  The  reverse  picture  will  occur 
in  the  period  of  thawing  of  the  ice  body,  from  May  to  July,  when  the  phase 
transition  of  the  ice  into  water  creates  a "zero  screen"  on  the  surface.  In 
accordance  with  what  has  been  said  we  determine  the  course  of  the  average 
monthly  temperatures  on  the  surface  of  the  ice  body  and  the  soil. 

1.  We  find  the  average  monthly  temperature  of  the  surface  of  the  ice  body 
in  March  and  April,  in  the  period  when  the  ice  body  was  formed,  its  further 
growth  does  not  occur  and  thawing  has  not  yet  started.  From  the  conditions 
of  the  problem  it  follows  that  the  temperature  of  the  surface  of  the  Ice 
body  at  that  time  will  differ  from  the  air  temperature  only  by  the  amount 
of  the  radiation  correction.  In  those  months  the  radiation  balance  is  0.47 
kcal/cm  in  March  and  2.46  kcal/cm^  in  April.  Correspondingly  the  radiation 
correction  will  be: 
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Table 
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Key: 
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69  The  annual  course  of  change  of  the  components  of  the  radiation 
balance  and  air  temperature  on  the  section  of  development  of 
an  ice  body 
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1 - Summary  radiation  on  the  horizontal  surface  Q , kca 1/ (cm“) (month) 

2 - Albedo  of  the  surface  tt,  % 3 - Absorbed  radiation  Q , kcal/ 

(cm‘ ) (month ) A - Effective  radiation  of  the  surface  of  a the  ground 
I,  kcal/ (cm2) (month)  5 - Radiation  balance  R,  kca 1/ (cm2 ) (month ) 

6 - Average  monthly  air  temperature,  t , °C 


Consequently  the  average  monthly  temperatures  of  the  surface  of  the  ice  body 
are  t ^ » -21  + 0.5  •*  -20.6°  and  t^y  *=  -7.6  + 3.0  - -A. 6 . 

2.  From  May  to  July,  in  the  period  of  thawing  of  the  ice  body,  the  tempera- 
ture on  its  surface  is  0°.  If  we  assume  that  the  temperature  regime  in  the 
ice  body  (in  its  depth)  is  at  that  time  isothermic  as  a result  of  filtration 
of  thawed  and  surface  waters  through  the  ice  body,  we  find  that  the  tempera- 
ture on  the  surface  of  the  soil  (below  the  ice  body)  at  that  time  also  is  0 . 

3.  In  August  and  September  the  surface  of  the  soil  is  freed  of  the  ice  body 
and  is  covered  by  sparse  grassy  vegetation.  The  albedo  of  the  surface  chan- 
ges substantially  and  in  August  is  18%  and  in  September  26%.  With  consider- 
ation of  the  radiation  correctim  the  average  monthly  temperature  of  the  sur- 
face of  the  soil  is  1A.5°  in  August  and  6.6  in  September. 
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4.  From  October  to  February  inclusively,  that  is,  in  the  course  of  5 months, 
the  formation  of  the  ice  body  occurs.  It  is  obvious  that  the  heat  released 
during  the  crystallization  of  water  in  the  process  of  the  growth  of  the  ice 
body  raises  the  temperature  on  the  surface  of  the  ice  body  in  proportion  to 
the  amount  of  water  arriving  and  freezing  per  unit  of  surface. 


If  the  growth  of  the  ice  body  were  not  limited  by  the  stream  discharge,  by 
the  end  of  the  winter  period  the  ice  body  would  have  achieved  the  maximal 
thickness,  which  can  be  calculated  with  (8.2.1)  at  an  average  winter  air 
temperature  of  -22.6°: 

, 10-3r>u0-22.6  „ 


In  that  case  the  temperature  on  the  surface  of  the  ice  body  in  the  period 

of  its  formation,  that  is,  in  the  course  of  "T  , would  have  been  0 . 

wtr 

Under  real  conditions  the  feeding  of  the  ice  body  is  limited  and  its  thick- 
ness reaches  only  2.8  m.  Consequently,  the  elevation  of  the  temperature  on 
the  surface  of  the  ice  body  as  compared  with  the  air  temperatures  will  occur 

at  a certain  value  of  At,  , which  can  be  determined  with  (8.2.1): 

l -b 

. . Aia.i  Q, t,.~  2.8 -to 000  (V, 

A?  • b,2  . 

•’  a t,,,,,  10-3'  00 


If  the  growth  of  the  ice  body  in  time  occurs  uniformly  it  can  be  assumed  that 
the  average  monthly  temperatures  on  the  surface  of  the  ice  body  in  the  period 
from  October  to  February  is  6.2  higher  than  the  average  monthly  air  tempera- 
tures. 


Table  70  Annual  course  of  the  average 
monthly  temperatures  on  the  surface  of 
an  ice  body  in  the  period  of  its  forma- 
tion and  on  the  surface  of  the  soil 
after  its  disappearance 
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(i  ,f> 
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i i 

XI 

1 1 .7 

XII 

-29.4 

C To,! 

Key:  A - Month  B - Temperature,  °C 

C - Year 


The  values  of  the  average  monthly 
temperatures  on  the  surface  of 
the  ice  body  in  the  period  of  its 
existence  and  on  the  surface  of 
the  soil  after  its  disappearance 
are  presented  in  Table  70.  When 
the  growth  is  irregular  one  can 
calculate  the  corrections  for  the 
average  monthly  temperatures  in 
proportion  to  the  change  of  the 
stream  discharge,  using  the  same 
equat ion. 

5.  In  order  to  determine  the 
average  annual  temperature  on 
the  surface  of  the  soil,  obviously 
it  is  necessary  to  determine  the 
influence  of  the  ice  body  as  a 
thermal  insulation  cover.  This 
can  be  done  either  by  using  a 
Fourier  equation  or  with  the 
method  of  V.  A.  Kudryavtsev,  using 
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an  equation  for  determination  of  the  influence  of  the  snow  cover  through  the 
thermal  cycles  (example  14). 

We  will  examine  the  solution  of  the  problem  on  the  basis  of  a Fourier  equation 


The  influence  of  the  ice  body  on  the  temperature  of  the  rocks  in  the  period 
of  existence  of  negative  air  temperatures  is  determinable  by  calculating  the 
minimal  temperature  of  the  surface  of  the  soil  with  equation  (3.3.4),  in 
which  we  make  the  following  substitutions:  we  assume  that  A is  equal  to 
the  minimal  average  monthly  temperature  of  the  surface  of  the  ice  body 
(-30.7  );  K is  the  coefficient  of  thermal  conductivity  of  ice,  equal  to 
4.5  x 10”3  m^/hr;  T is  the  length  of  the  nominal  period  of  fluctuations  of 
temperature,  equal  to  2T  ; h is  the  average  thickness  of  the  ice  body  dur- 
ing the  period  The  value  of  h is  determined  by  the  method  of  weighted- 

average  values,  in  which  from  October  to  February  the  average  thickness 
of  the  ice  body  is  assumed  to  be  1.4  meters,  since  its  growth  occurred  uni- 
formly, and  in  the  course  of  March  and  April  it  was  invariable  and  amounted 
to  2.8  meters,  that  is. 


With  the  indicated  initial  data,  using  formula  (3.3.4),  we  find  that 


1 


* 0.  MM 


30 ,7e 


III"'  10.-'  10* 


- 19,1°. 


If  we  assume  that  the  average  winter  temperature  of  the  surface  o£  the  soil 

is  approximately  equal  to  2/3  t . , we  find  that  t . = -12.7°.  We  find 

o-min’  o-min 

the  average  annual  temperature  of  the  surface  of  the  soil  in  accordance  with 
the  data  of  Table  70: 


0 - n 


14.5  G,6 


4,2°. 


Then  the  a/erage  annual  temperature  of  the  surface  of  the  soil  under  the  ice 
will  be  equal  to: 


6.  We  determine  the  influence  of  the  ice  body  on  the  temperature  of  the 

surface  in  the  winter  period  through  the  heat  cycles  by  the  method  of  V.  A. 

Kudryavtsev,  as  in  (5.3.5).  Being  given  certain  values  of  A t . , as  was 

done  in  the  calculation  of  At  we  deternine  the  heat  cycles  " through  the 

surface  of  the  soil  and  the  surface  of  the  ice  body  (see  Table  71).  Then 

by  trial  and  error  we  determine  the  sought  value  of  At,  . The  initial  data 

for  calculation  of  the  heat  cycles  in  accordance  with  the  cond it  ions  of  the 

problem  were  assumed  to  be  the  following:  Y « 1350  kg/m  ; X = A “ 1.5 

sK  I t 

kcal/(m)(hr)(degree);  w “ 23%;  w f “ 0%;  ^ = 432  kcal/(m  )(degree); 

Q,  “ 24,840  kcal/m  ; A^  “ 2 kca  l^ffm)  (hr ) (degree) . Assuming  successively 
the  values  of  8.6,  7.0  and  6.0°  for  4t^  , we  obtain  calculation  data  (see 

Table  7l)  on  the  basis  of  which,  having  constructed  a diagram,  we  find  that 
the  sought  value  of  At  is  7.2°. 
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Table  71  Calculation  data  for  determination  of  At 


i 

°c 

^ drp.  »*«•»/*' 

Pqu,..  HKfll/** 
| HJ1 

6.6 

51,66- 10* 

6-5,21  -103 

7 0 

53.35-103 

52.23- I0J 

6.0 

51 .22- 103 

•54 .8  103 

i-b 


Key: 


A 

C 


At i_b  B - Qgr»  kcal/m2 
Qi_b,  kcal/m2 


With  consideration  of  At^  we  determine  the  average  winter  temperature  on 
the  surface  of  the  soil  under  the  ice  body: 


t 0, 3HM  t 1-2.1,31114 

to.,,,  2/3  (-30.7) 


2/3/Ha.i.  m:i„ 

7,2  - — 13,2°. 


Whence  the  average  annual  temperature  of  the  surface  of  the  soil  will  be: 


The  values  of  t obtained  by  the  two  indicated  methods  have  satisfactory  con- 

o 

vergence. 

The  calculations  showed  that  the  formation  of  an  annual  ice  body  with  a height 
of  2.8  meters  under  the  conditions  of  the  investigated  region  leads  to  ele- 
vation of  the  average  annual  temperature  of  the  surface  of  the  soil  under  the 
ice  body  by  3. 1-3. 6°  in  comparison  with  the  average  annual  air  temperature  of 
-9.2°.  The  same  influence  is  exerted  in  the  region  by  a snow  cover  with  a 
height  of  0.2-0.25  meter  at  a density  of  0.19-0.2  g/cc. 

Calculation  of  the  Influence  of  Freezing  of  the  Surface  of  an  Ice  Body  on 
Its  Thawing  (Example  47) 

In  the  region  of  investigation  in  a frost  survey  it  was  established  that  in 
river  valleys  where  subsurface  waters  are  discharged  ice  bodies  form  on  a 
large  area  with  a height  of  3. 5-4.0  meters.  The  ice  bodies  thaw  by  the  end 
of  sumner.  To  work  placer  deposits  it  is  necessary  to  accelerate  the  thawing 
of  the  ice  body  by  2 months.  For  that  purpose  its  surface  is  covered  with 
coal  dust  at  the  start  of  spring  (April  or  May). 

Table  72  presents  data  characterizing  the  radiation  balance  and  temperature 
regime  of  the  surface  of  an  ice  body  in  the  period  of  its  thawing,  obtained 
by  calculation  with  the  use  of  meteorological  data  with  consideration  of  the 
albedo  (A)  of  the  blackened  surface. 


It  is  necessary  to  determine  the  time  of  complete  thawing  of  the  ice  body. 

Solution.  1.  We  determine  what  total  of  the  degree-hours  is  necessary  to 
thaw  an  ice  body  with  a height  of  4.0  meters,  using  equation  (8.2.1); 

,,  , f 0 uO'1  -1,0 
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22857  cpaO  nac. 


Table  72 


For  calculation  of  the  temperature  of  the  blackened  surface  of 
an  ice  body  in  the  spring  and  sunmer  , 


A 

- -.JO  { ..JHcliMO  n Cj  'AUCS. 

c 7 • ; .1  bOl.V.  Ta  if  .'.OBOJ'XHOCTH 

B 

AIccj  aw 

rocr^a.. 
t v t- ; 

V 

VI 

VII 

VIII 

j IX 

i 

•O 

o 

© .» 

11,8 

15,0 

13,2 

0,  j 

4,0 

1 15 

15 

15 

20 

2 

Qn.  uKa.i’c'^  Mtc 

io,  on 

13,26 

11.22 

x 

5,52 

3 

/.  K . : C- Me X 

2.1 

3 .0 

3.1 

2.4 

4 

R.  cv2  mi'c 

R 

T'1- 

7 ,00 

; 'H 

! 

8,22 

5.1  S 

.3.12 

5 „ 

1 1 hi.  i-c-.  .0 

^7,8 

8.8 

so 

.1  . t 

3.0 

6 

tu.  cc 

3.6 

12,5 

15,4 

4.5 

7 

t f \f  1 

■ . w,, 

11,. 

21 ,3 

23 .9 

! !r-'J 

773 

Key:  A - Components  of  the  radiation  balance,  air  temperature  and  tempera- 

ture of  the  surface  of  the  ice  body  B - Months 

1 - Q , kca 1/ (cm^  ) (month)  2 - Q , kca 1/ (cm^ ) (month ) 
sum  a 

3-1,  kcal/(cm^) (month)  4 - R,  kca 1/ (cm^ ) (month ) 

5 - «(  = 14  kcal/(m  ) (hr) (degree)  7 - t.  . = t + L , °C 
# 1 - D W K 

2.  We  determine  at  which  average  daily  temperature  the  ice  body  can  thaw  in 
2 months  (1440  hours): 

, -22t5r  15,9=. 

c''  1 ilO  1410 

It  is  evident  from  Table  72  that  the  average  daily  temperature  of  the  sur- 
face of  the  ice  body  during  May  and  June  is  ^16.3  on  the  average  (11,4  + 

+ 21.3)/2  ~ 16,3°)).  Consequently,  by  the  end  of  June  the  ice  body  has 
thawed  completely,  which  satisfies  the  conditions  of  the  posed  problem. 

The  effect  of  ice  bodies  on  engineering  structures  is  an  undesirable  pheno- 
menon, and  so  in  the  construction  of  any  objects  it  is  combatted.  Ice  bodies 
often  form  where  before  construction  and,  consequently,  disturbance  of  the 
natural  conditions  their  formation  was  not  observed.  Therefore  in  an  engin- 
eering forecast  special  attention  must  be  given  to  the  question  of  ice  bodies. 
Many  methods  have  been  proposed  for  combatting  ice  bodies:  explosive  work, 
artificial  thawing  of  ice,  the  construction  of  barriers  to  the  flow  of  the 
water  forming  the  ice  body  and  the  application  of  water-removing  and  drying 
drainage.  For  example,  ant i- ice-body  belts  are  used  as  measures  preventing 
the  formation  of  underground  ice  bodies.  The  creation  of  belts  consists  in 
arranging,  on  the  slope  above  the  section,  where  an  ice  body  forms  under 
natural  conditions,  a ditch  with  an  embankment  laid  out  in  the  direction  of 
the  used  area.  In  that  case  the  ditch  serves  as  a drain  for  the  water  on 
top  of  the  frost,  and  the  embankment  as  a dam  which  does  not  allow  water  to 
pass  down  the  slope.  The  latter  is  achieved  if  the  upper  boundary  of  the 
permafrozen  rock  mass  under  the  embankment  is  raised  to  the  level  of  the  day 
surface  of  the  adjacent  sections.  An  example  of  the  calculation  of  such  belts 
is  given  below. 
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Calculation  of  the  Height  of  the  Embankment  of  an  Ant i -Ice-Body  Belt 
(Example  48) 

In  a frost  survey  it  was  established  that,  on  long  ( > 500  meters)  gentle 
slopes  of  a lake-glacier  plain  with  a curved  longitudinal  profile,  ground 
ice  bodies  form  through  the  runoff  of  surface  waters  and  waters  on  top  of 
frost.  In  the  construction  of  sections  of  a slope  it  is  necessary  to  guard 
against  the  formation  of  ice  bodies,  which  can  be  accomplished  by  creating 
an  anti-ice-body  belt.  It  is  necessary  to  calculate  the  height  of  an  enbank- 
ment  which  assures  elevation  of  the  upper  boundary  of  frost  to  the  level  of 
the  day  surface. 

Soils  on  the  investigated  section  consisted  of  sandy  loams  with  / = 1250 

kg/m  ; wy  = 27%;  A = 1.1  kca 1/ (m) (hr ) (degree ) . The  pouring  offSof  the 
embankment  is  accompl ished  from  the  same  soil  (sandy  ^oam)  but  its  moisture 
content  in  the  embankment  is  18%,  and  / = 1200  kg/m  and  A “1.2  kcal/ 

(m) (degree) (hr).  S 

The  climate  of  the  region  is  characterized  by  the  following  data:  t . 

= -10.4°,  A . = 22°;  z = 0.6  m;  p = 0.19  g/cc.  31r 

air  sn  'sn 

When  a "belt”  is  created  the  temperature  regime  of  the  ground  in  the  groove 
and  on  the  embankment  changes  substantially  in  conparison  with  natural  con- 
ditions, as  a redistribution  of  the  snow  cover  will  occur.  The  height  of 
the  snow  in  a ditch  with  a depth  of  0.5-0, 6 meter  will  increase  to  1 meter 
at  a density  of  0.25  g/cc,  and  on  the  embankment  will  decrease  to  0.3  m at 
a density  of  0.22  g/cc. 

Solution.  1.  We  determine  the  temperature  regime  of  the  surface  of  the 

soil  and  the  depth  of  seasonal  thawing  under  natural  conditions.  According 

to  formula  (5.3.10)  At  = 7.1°,  and  then  t = -3.3°  and  A = 14.9°. 

sn  o o 

In  accordance  with  the  moisture  content  and  temperature  regime  of  the  soils 
we  find  with  (4.1.7)  and  (4.1.8)  that  C ^ = 500  kca 1/ (m3) (degree)  and 

Q.  * 21,600  keal/m  . With  a nomogram  l[see  Figure  17)  we  find  that  j = 

=^1.6  x /T.l  - 1.7  m. 

2.  We  determine  the  temperature  regime  of  the  surface  of  the  ground  and 

the  depth  of  seasonal  thawing  on  the  embankment  at  At  = 3.8°,  t * -6.6° 

a i o o°  sn  o 

and  A = 18.2  . 
o 

In  accordance  with  the  temperature  regime  and  moisture  content  of  the  ground 
we  find  that  C ™ 400  kca 1/ (m3) (degree)  and  Q.  - 14,400  kca 1/m3.  With 

the  nomogram  we  ’ ” determine  that  f = 1.45  x s/l.2p=  1.6  m. 

Therefore  the  height  of  the  embankment  must  not  less  than  1.6  m for  the 
soils  under  the  embankment  on  the  level  of  the  day  surface  of  the  surround- 
ing sections  not  to  undergo  seasonal  thawing. 

3.  We  determine  the  temperature  regime  and  depth  of  seasonal  thawing  of 

the  ground  in  the  ditch  at  At  “ 9.3°  t “ -1.1°  and  A = 12.7°. 

sn  o o 
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In  accordance  with  the  temperature  regime  of  the  ground  in  the  ditch  we  find 
that  Q , = 20,000  kcal/in  and  with  the  nomogram  (Figure  17)  we  determine  that 
£ = 1.73  Xv/1.1  = 1.8  m. 

Comparison  of  the  depth  of  thawing  of  the  ground  in  the  ditch  and  on  the  slope 
under  natural  conditions  shows  that  even  a shallow  (0,5  meter)  ditch  will 
serve  as  a good  drain  for  waters  on  top  of  frost.  However,  it  should  be  taken 
into  consideration  that  in  constructing  a ditch  an  undercutting  of  the  slope 
occurs  which  can  lead  to  the  activation  of  solifluction  and  thermal  erosion. 
Therefore  the  calculation  of  ant i- ice-body  belts  must  be  accompanied  by  a 
forecast  of  the  development  of  other  frost  processes. 

3,  Processes  of  Frost  Cleavage  of  Rocks  and  Polygonal  Formations 

Polygona 1 -vein  formations  are  developed  not  only  in  regions  of  contemporary 
prevalence  of  pcrrina  frozen  rocks  and  seasonal  freezing,  but  also  far  beyond 
their  limits  and  in  mountains.  A common  feature  of  those  formations  is  their 
polygonal  (often  tetragonal)  form,  created  by  a network  of  fissures  or  ditch- 
like depressions  which  bound  the  polygons  or  more  often  quadrangles.  At  times 
the  network  of  such  ditches  is  combined  with  a system  of  ridges  on  the  peri- 
phery of  the  polygons,  forming  a polygonal-ridge  microrelief.  In  the  case  of 
a small  huramock  or  large-hummock  microrelief  the  network  of  ditchlike  depress- 
ions bounds  systems  of  small  or  large  hummocks  arranged  in  a checkerboard 
manner.  Polygonal  formations  include  various  polygonal  systems  of  ice  and 
soil  veins  and  also  medallion  spots,  stone  wreaths,  "cryotur bat  ions"  and 
"boiling  kettles"  and  other  structural  polygonal  forms.  The  dimensions  of 
the  piolygonal  forms  vary  from  several  centimeters  to  tens  or  more  meters. 

Grid  polygonal  systems  of  ice  veins  are  widespread  in  the  Arctic  and  Subarc- 
tic and  are  developed  mainly  in  finely  dispersed  and  peaty  soils.  They  at 
times  amount  to  more  than  50%  of  the  volume  of  the  enclosing  rock  and  often 
create  the  specific  appearance  of  the  landscape  and  have  complex  forms  and 
a structure  reflecting  the  influence  of  the  phys icomechan ica 1 , thermal  and 
facial  conditions  of  their  development. 

Shown  on  Figure  117  is  an  outcrop  of  old  ices  of  Mus-Khay  on  the  Yana  River. 
The  mineral  rocks,  both  finely  dispersed  and  sandy-pebbled,  enclosing  the 
systems  of  ice  veins  have  a 1 iminated  structure,  as  is  clearly  visible  on 
Figure  118. 

Contemporary  polygonal  systems  of  reop>ened-vein  ices  form  on  the  surface  a 
specific  polygonal-ridge  microrelief  composed  of  regular  polygons  of  tetra- 
gonal form  on  rocks  uniform  in  their  lithological  composition.  On  litho- 
logically different  rocks  polygons  with  an  irregular  form  develop.  Polygonal- 
veined  formations  form  as  a result  of  processes  of  frost  cleavage. 

In  accordance  with  concepts  of  the  physical  essence  of  the  process  of  frost 
cleavage  presented  in  the  works  of  B.  N.  Dostovalov  (1952,  1959  and  1967) 
and  developed  in  the  works  of  N,  N.  Romanovsk iy  (1970,  1971  and  1972),  the 
fornvition  of  fissures  is  connected  with  the  following  conditions.  Above  all 
the  phenomenon  can  occur  only  in  a solid  frozen  mass  of  rocks.  The  condition 


Figure  117.  Outcrop  of  vein  ice  of  Mus-Khay  on  the  Yana 
R iver . 


is  fulfilled  in  the  establishment  rf  low  negative  temperatures  on  the  sur- 
face of  the  soil  and  at  small  depths  of  seasonally  thawed  (seasonally  fro- 
zen) layers,  which  is  determined  by  the  latitudinal  zonation  and  the  con- 
tinental character  of  the  cl  invite. 


It  follows  from  the  first  condition  that  frost  cleavage  is  connected  with 
the  d;stribution  of  definite  geological  geaetic  complexes  and  types  of  rocks. 
By  virtue  of  that  the  phenomenon  under  consideration  is  widespread  on  water- 
sheds within  the  limits  of  occurrence  of  covering  loams,  moraine  dlayey  de- 
posits and  also  silty  sandy-sandy  loam-loamy  deposits  of  alluvial  and  lake- 
alluvial  plains.  Frost  cleavage  is  also  widespread  in  river  valleys. 


Very  favorable  conditions  for  the  development  of  the  given  process  are  noted 

in  the  region  of  permafrozen  rock  masses,  where  at  the  moment  of  complete 

freezing  of  the  seasonally  thawed  layer  occurs  a solid  mass  of  frozen  rocks 

from  the  surface  to  a great  depth.  In  that  case  the  tensile  stresses  forming 

in  the  frozen  seasonally  thawed  layer  can  appear  at  temperatures  lower  than 

the  temperature  of  the  main  phase  transitions  of  water  for  the  given  type  of 

deposits.  The  intensity  of  frost  cleavage  for  that  type  of  deposit  Increases 

in  proportion  to  the  lowering  of  the  negative  temperature  on  the  surface  from 

t to  the  minimal  (t  , ).  At  a constant  value  of  t (t  t.)  the  intensity 
m min  mo  j 

of  the  cleavage  increases  with  increase  of  A . In  both  cases  the  increase 

of  intensity  of  cleavage  leads  to  reduction  of  the  distance  between  fissures 
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and  to  increase  of  the  depths  of  penetration  of  fissures  (a  single  order  of 
generation).  The  temperature  gradients  in  the  seasonally  thawed  (seasonally 
frozen)  layer  are  determined  by  the  difference  of  temperatures  on  its  sur- 
face and  base  and  depends  on  the  layer  thickness  and  its  lithological  and 
moisture  characteristics  and  consequently  are  connected  with  a definite  type 
of  seasonal  thawing  (seasonal  freezing)  according  to  V.  A.  Kudryavtsev. 


A 

i 

<! 

T 


Figure  119.  Change  of  the  temperature  gradient  as  a function 
of  temperature  on  the  surface  of  the  ground  (a)  and  on  the 
thickness  of  the  seasonally  thawed  layer  (b):  CTS  --  season- 

ally thawed  layer;  MMT  --  permafrozen  rock  mass. 

What  has  been  said  can  be  illustrated  by  a schematic  diagram,  from  which  it 
is  evident  that  at  one  and  the  same  thickness  of  the  seasonally  thawed  layer 
(|)  different  temperatures  on  the  surface  (t  and  t ) cause  different  tem- 
perature gradients  in  that  layer  (Figure  1 2 119a).  The  same 

thing  is  noted  at  one  value  of  t but  at  different  thicknesses  of  the  layer 
| (Figure  119b).  The  probability  of  frost  cleavage  is  largest  on  sections 
with  maximal  temperature  gradients  in  the  layer  f in  the  winter.  Therefore 
within  the  limits  of  the  first  frost-temperature  zone  the  process  of  fissure 
formation  can  occur  only  under  the  conditions  of  a sharply  continental  cli- 
mate, in  regions  with  little  snow,  on  sections  with  a sparse  plant  cover. 

In  northern  regions,  in  frost-temperature  zones  IV  and  V frost  cleavage 
fissures  can  be  encountered  tven  in  conditions  close  to  a maritime  climate. 
The  probability  of  frost  cleavage  of  soils  can  be  calculated  for  each  con- 
crete region  as  follows. 

Determination  of  the  Conditions  of  Formation  and  the  Distances  Between  Frost 
Cleavage  Fissures  (Example  49) 

In  conducting  a frost  survey  it  is  very  important  to  determine  the  frequency 
of  formation  of  frost  cleavage  fissures  in  soils.  In  the  region  of  the  in- 
vestigation the  first  terrace  above  the  flood  plain  Is  widespread.  Its  sur- 
face is  level  and  covered  with  moss-lichen  cover  and  sparse,  low  (15-20  cm) 
underbrush. 

In  the  process  of  the  survey  it  was  established  that  the  terrace  in  the  upper 
part  of  the  profile  to  a depth  of  17-20  cm  is  composed  of  light  silty  loams 
with  a moisture  content  of  2 7%  at  Y ^ “ 1240  kg/rn  . The  degree  of  moisture 
saturation  of  loam  Is  equal  to  unity.  Laboratory  investigations  of  samples 


of  che  soil  showed  that  X = 1.5  and  \ = 1.3  kca 1/ (m) (hr ) (degree ) , C - 

L n C a VO  l "I 

422  and  Cy  ^ ^ = 560  kcal/(m  ) (degree),  Q,  = 21,824  kcal/m  , and  the  coef- 
ficient of  temperature  conductivity  ^ ~ 0.0035  m"/hr.  The  dependence  of 
the  tensile  strength  of  the  frozen  ground  (p~,  ) , the  coefficient  of  linear 
expansion  (/x)  and  the  modulus  of  deformation  (g)  on  temperature  is  presented 
in  Table  73. 


Table  73  Mechanical  properties  of  loam 


i.  C 

A 

k V. 

1 

ir- 

- io-". 

l.'-’pa) 

c 

G 10  4 . 

Kef  CM* 

— 5 

130 

2.6 

-10 

9<J 

13 1 

3.5 

-20 

130 

\ 6 

A - <T  , kg/ciiT 
B - $4  x 10  , 1/degree 

C - G x 102 * 4 * *,  kg/cra- 


The  climatic  conditions  are  characterized  by  the  following  data:  t . = 

^ ^ air 

= -10.4°,  A . «*  25.5*  , z = 0.3  m,  and  p = 0.22  g/cm  . The  plant  cover 

air  sn  ' sn 

in  the  region  exerts  a warming  influence  on  the  temperature  regime  of  the 
• 7'-  = n i o o°.  a » = 0.3-0. 5°. 


soil:  /It  , «=  0. 1-0.2  ; 4 A , 

plant  plant 


Determine  the  distance  between  the  frost  cleavage  fissures  forming  in  the 
layer  £ during  its  complete  freezing,  and  also  between  fissures  penetrating 
the  permafrozen  rock  mass. 


Solution.  1.  We  calculate  the  temperature  regime  on  the  surface  of  the  soi 
and  the  depth  of  the  seasonal  thawing  of  rocks: 


A/c-  M 


paCT* 


A te„  25,5  0. 164=s4.2c; 


A- 


*0 

A. I 


10,4  , 4,2  0,2  —6,0  ; 

A0  25,5  -4.2— 0,3  21°. 


With  a nomogram  (Figure  33)  we  find  the  amount  of  the  temperature  shift  in 
the  layer  f : AtA  ~ 0.8°.  Consequently,  t^  * -6.0  - 0.8  - -6.8°. 

At  the  initial  va lues  tj  - -6.8°;  A * 21 A » 1.3  kca 1/ (m) (hr ) (degree ) ; 
Cvol  t ^ 560  kcal/(m  )(degree);  Q . * 21,824  kcal/m^,  and  with  nomograms 

(Figures  15  and  17)  we  find  the  depth  of  the  seasonal  thawing  j * / 1.3  x 
x 1.45  ^ 1.65  m. 


2.  We  determine  the  temperature  gradient  in  layer  J at  the  moment  of  its 

joining  during  freezing  with  the  permafrozen  rock  mass.  To  do  that,  on  a 

nomogram  (Figure  61)  we  find  the  temperature  on  the  surface  of  the  soil  at 
the  moment  of  joining  (see  examples  27  and  28). 


Under  the  given  conditions  (t  “ -6.0  ; A 


21 


Q,  “ 0 1,824  kcal/m  ) we 

r 


find  that  t - -22.6  . Consequently,  the  gradient  in  layer  $ at  the  moment 


T will  be 


i;r:i(!  t 


3.  We  determine  the  distance  between  fissures  (x)  in  layer  I which  form  at 
the  moment  T,  using  the  formula  of  B.  N.  Dostovnlov  (1967): 

..  1 p • v ' " 

u!  ! ' l -V ) - !')-**  - 4 - ' ■ I : 


4.  We  determine  the  layer  thickness  h and  the  minimal  temperature  on  its 


surface  w 

ith 
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A 
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f 
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ie  calculation  are  assumed  to 
0.0035  degree/m";  S = 1.65  m; 

id  with  (4.4.2): 
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When  the  values  of  tj  and  A.  are  known  we  readily  find  the  minimi  1 tempera- 
ture at  the  depth  j : 


A- 


G.8  11.4 


5.  We  determine  the  temperature  gradient  in  the  layer  h at  the  moment  of 
establishment  of  the  minimal  temperature  at  the  base!!  and  the  distance  be- 
tween the  forst  cleavage  fissures  forming  at  that  time  in  the  permafrozen 
rock  mass: 


1 H ■ “ i 93  gpaOjM. 

14  8 


Then 


7 21 

| . ’ 1C*  I 23 


m. 


Thus  under  the  conditions  of  the  investigated  section  of  the  flr.t 
plain  terrace  in  the  winter  period  frost  cleavage  fissures  f-rm. 
tance  between  the  fissures  in  the  layer  £ at  the  moment  when  it 
permafrozen  rock  mass  during  freezing  is  0.6  m,  and  the  dl  i.  L 

fissure  penetrating  the  layer  h and  forming  in  the  per  i d : . 

in  that  layer  reaches  8.6  m. 


It  is  obvious  that  on  small  areas  within  the  limit  t • 
Important  structures  the  question  can  be  posed  of 
conditions  in  order  to  prevent  the  possibility  f : is>ur. 
ment  measures  must  be  selected  with  considerate 
conditions,  as  only  in  that  case  can  the  nec* 
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In  different  frost-temperature  zones  and  under  different  ground  conditions 
the  effectiveness  of  the  same  methods  of  controlling  the  frost  process  will 
be  different.  Thus,  for  example,  measures  to  accumulate  snow  will  give  a 
far  greater  effect  under  the  conditions  of  a sharply  continental  climate 
than  of  a maritime  climate.  The  same  measures  in  zones  I and  II  lead  to  a 
greater  effect  than  in  more  northern  zones.  A corresponding  difference  will 
be  noted  with  respect  to  the  plant  cover,  soil  drainage,  the  installation  of 
various  artificial  covers,  etc. 

In  a region  of  prevalence  of  permafrozen  rocks  the  fissures  forming  in  the 
winter  in  the  surface  layer  of  seasonal  thawing  can  penetrate  to  different 
depths  in  different  f rost-temperature  zones.  Thus  frost  cleavage  fissures 
in  the  rocks  of  a seasonally  thawed  layer  extend  to  its  base  at  temperatures 
of  -2  and  -3  (in  sandy  loams  and  peats)  or  to  -4  and  -6  (in  sands,  pebbles 
and  rock  debris-gruss  formations).  At  lower  values  of  t they  penetrate  the 
frozen  rock  mass.  During  the  spring  flood  and  melting  oF  snow  the  tempera- 
ture of  the  walls  of  gaping  fissures  in  the  frozen  rock  mass  remains  suffic- 
iently low  and  the  water  falling  in  them  freezes  rapidly,  cementing  the  fis- 
sures and  transforming  the  frozen  rock  mass  again  into  a solid  mass.  The 
repeated  alternating  frost  cleavage  and  cementation  of  the  fissures  by  ice 
leads  to  the  development  of  polygonal  systems  of  ice  veins  representing  an 
aggregate  of  elementary  veins.  The  vertical  extent  of  such  ice  veins  some- 
times reaches  40  meters  at  a transverse  thickness  of  up  to  6-8  meters,  at 
average  dimensions  of  12-24  and  4-6  meters  respectively. 

The  polygonal  vein  formations  forming  as  a result  of  processes  of  frost  cleavage 
are  represented  by  ice  and  soil  veins.  In  that  case,  depending  on  the  con- 
ditions of  formation,  on  the  basis  of  the  correlation  of  the  ice  and  soil 
parts  of  the  veins  N.  N.  Romanovskiy  (1972)  distinguished  four  types  of 
polygonal -vein  formations  (see  Figure  52). 

1.  Primordially  soil  veins  forming  in  seasonally  thawed  and  seasonally  frozen 
layers  as  a result  of  periodically  recurrent  processes  --  frost  cleavage, 

the  formation  of  elementary  ice  veins,  and  their  thawing  and  filling  with 
rock. 

2.  Ice  veins  forming  in  a frozen  rock  mass,  below  the  seasonally  thawed  zone. 

Polygonal-vein  formations  with  vein  ice  are  two-stage  forms:  the  upper  stage 

is  of  soil  and  has  the  features  of  primordially  soil  veins,  and  the  lower  is 
of  reopened-vein  ice.  That  type  includes  ice-soil  veins  which  are  variations 
of  the  development  of  ice  veins. 

3.  Pseudomorphoses  on  ice  veins  which  arise  as  a result  of  thawing  of  vein 
ice  and  filling  of  the  space  with  overlapping  deposits. 

4.  Primarily  soil  veins  of  sandy  composition,  forming  in  zones  of  wind  ac- 
tivity in  winter  during  the  pouring  of  sandy  and  fine  gravel  material  into 
open  frost  cleavage  fissures. 

/Latitudinal  zonation  of  processes  of  frost  cleavage  fissure  formation/.  The 
dependence  of  polygonal -vein  formations  on  the  temperature  regime  of  the  rocks 
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determines  their  zonal  character,  the  presence  of  transitional  forms  from 
the  first  to  the  second  type  often  within  the  limits  of  a single  polygonal 
system  or  systems  arranged  in  a row.  For  various  lithological-facial  vari- 
eties of  rocks  that  transitions  is  accomplished  in  different  temperature 
regimes  (Figure  120).  Simultaneously  with  that  on  latitudinal  zonation 
regularities  is  superposed  the  influence  of  a continental  character  of  the 
climate  and  structural  geological  features  having  a regional,  azonal  char- 
acter. 

In  the  first  frost -temperature  zone  the  process  of  fissure  formation  during 
favorable  conditions  is  developed  mainly  on  sections  on  which  permafrozen 
rock  masses  are  prevalent.  They  usually  are  absent  on  taliks.  The  necessary 
temperature  gradients  for  the  formation  of  frost  cleavage  fissures  are  ob- 
served in  that  zone  only  in  regions  with  a sharply  continental  climate.  The 
process  of  fissure  formation  here  is  connected  with  the  formation  of  primor- 
dially  soil  veins  and  extremely  rarely  with  reopened-vein  ices. 

In  frost-temperature  zone  II  the  processes  of  frost  cleavage  fissure  forma- 
tion also  are  developed  under  the  conditions  of  a sharply  continental  climate, 
are  concentrated  mainly  in  sections  in  which  permafrozen  rock  masses  are  pre- 
valent and,  as  a rule,  do  not  lead  to  the  formation  of  reopened-vein  ices. 
Also  widespread  in  that  zone  is  the  formation  of  primordially  soil  veins. 

In  frost-temperature  zone  III  frost  cleavage  fissure  formation  is  widely  de- 
veloped, and  depending  of  the  combination  of  the  temperature  regime  and  the 
continental  character  of  the  climate  on  separate  sections  predominates  the 
formation  either  of  primordially  soil  veins  or  of  ice  veins.  Characteristic 
of  that  zone  is  the  formation  of  two-stage  veins,  the  lower  part  of  which  is 
of  ice  and  the  upper,  often  predominant,  is  of  soil.  The  size  of  the  poly- 
gonal lattice  varies  as  a function  of  the  conditions  from  a few  meters  to  10 
or  more. 

Within  frost  temperature  zones  IV  and  V favorable  temperature  gradients  for 
the  formation  of  frost  cleavage  fissures  are  noted  almost  everywhere  with  the 
exception  of  regions  with  thick  snow  and  moss  covers.  Cleavage  occurs  most 
intensively  under  the  conditions  of  a sharply  continental  climate,  when  the 
dimensions  of  polygons  reach  tens  of  meters.  Under  conditions  of  a maritime 
climate  the  dimensions  of  a polygonal  grid  increase.  Within  the  limits  of 
flood  plains,  and  also  of  coastal-lake  and  coastal  maritime  sections,  frost 
cleavage  fissure  formation  leads  to  the  formation  of  reopened-vein  ices.  The 
thickness  of  those  ices  during  the  intensive  accumulation  of  deposits  can 
reach  several  tens  of  meters.  On  high  elements  of  the  relief  mixed  veins  of 
ice  and  soil  form. 

U.  Regularities  of  the  Formation  and  Prediction  of  the  Development  of  a 
Thermo karst 

A thermokarst  forms  in  connection  with  the  thawing  of  subsurface  ices.  This 
phenomenon  is  accompanied  by  subsidence  of  the  surface  of  the  ground,  the 
formation  of  negative  forms  of  the  relief  and  their  being  swamped.  In  the 
absence  of  runoff  of  the  water,  thermokarst  lakes  form  in  lows,  and  when  there 
is  intensive  runoff  --  a dry  thermokarst  low. 
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Figure  120.  Zonatlon  of  vein  formations  according  to  N. 
N.  Romanovskiy  (1972).  A - Type  of  seasonal  thawing  by 
temperature  of  rocks  B - Composition  and  moisture  con- 

tent of  deposits  C - Prlmordlally  soil  veins  D - Pri- 
mordlally  soil  veins  and  reopened-veln  Ices  In  single 
polygonal  systems  E - Reopened-veln  Ices 
a - Name  b - Transitional  c - Seml-transltlonal  d - 
Long-stable  e - Stable  f - Arctic 

1 - peat,  strongly  peatifled,  sandy  loams  and  loams  2 - 
silty  sandy  loams  and  loams,  aleurites  3 - sands,  fine- 
grained and  silty  U - medium  and  coarse-grained  sands 
5 - gravel-pebble  deposits,  crushed  stone,  gruss. 


In  both  cases  the  development  of  the  thermokarst  proceeds  differently.  In 
the  formation  of  a lake  there  always  is  a progressive  development  of  the 
thermokarst  either  to  the  complete  thawing  of  the  permafrozen  rocks  or  to 
the  formation  of  a stable  thawing  basin  and  the  establishment  of  a steady 
temperature  regime.  Complete  thawing  of  the  rocks  Is  noted  In  that  case  If 
the  transverse  dimensions  of  the  lake  are  larger  or  of  the  same  order  of  mag- 
nitude with  the  thickness  of  the  frozen  rock  mass  and  the  depth  of  the  lake 
exceeds  the  depth  of  winter  freezing.  In  that  case.  If  the  thickness  of  the 
frozen  rock  mass  considerably  exceeds  the  transverse  dimensions  of  the  thermo 
karst  lake,  under  It  forms  a stable  thawing  basin.  Before  establishment  of  the 
regime  the  dimensions  of  the  lake  and  the  tallk  under  it  can  have  a different 
dependence.  Then,  If  we  know  the  depth  of  occurrence  of  the  frozen  rock  mass 
with  the  Stefan  formula  (3.7.7)  It  Is  possible  to  approximately  determine  the 
length  of  existence  of  that  lake. 

Two  principal  conditions  are  necessary  for  the  formation  and  development  of 
a thermokarst:  1)  the  presence  of  underground  ices  and  2)  the  depth  of  the 
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seasonal  thawing  of  the  rocks  must  exceed  the  depth  of  occurrence  of  the 
subsurface  Ices.  The  development  of  the  process  of  thawing  of  the  basement 
rocks  under  a thermokarst  lake  is  observed  apart  from  a dependence  on  their 
ice  content.  In  the  case'  of  a dry  thermokarst  low  the  process  often  is  sus- 
pended even  in  the  presence  of  subsurface  ices  and  is  renewed  only  in  iso- 
lated years. 

A reason  for  difference  in  the  development  of  a thermokarst  is  a covering 
layer  of  water,  which  leads  to  warming  of  the  underlying  bottomset  beds  (see 
section  5,  Chapter  5).  With  increase  of  the  depth  of  the  body  of  water  its 
warming  influence  on  the  bottomset  beds  increases.  Therefore  the  progress- 
ive development  of  thermokarst  lakes  under  any  conditions,  even  very  dry 
ones,  is  easily  explained.  Having  once  formed,  in  each  subsequent  summer 
the  thermokarst  will  develop  more  intensively  than  in  the  preceding  one 
until  the  subsurface  ice  is  completely  thawed  and  a lake  is  formed. 

Since  in  the  formation  of  dry  thermokarst  lows  the  process  can  be  damped, 
there  follows  the  important  practical  conclusion  that  the  struggle  against 
the  harmful  aftereffects  of  a thermokarst  assumes  above  all  the  drying  of 
the  surface  of  sections  where  subsurface  ices  and  strongly  icy  soils  lying 
near  the  base  of  the  layer  $ are  widespread. 

Reopened-vein  ices  are  widely  developed  in  northern  parts  of  the  region  in 
which  permafrozen  rocks  are  prevalent.  On  sections  where  the  depth  of  ices 
is  close  to  the  depth  of  the  seasonal  thawing  of  rocks,  thermokarst  starts 
to  develop  when  there  are  relatively  small  changes  of  the  external  conditions 
Thus,  for  example,  the  clearing  of  a forest  (Figure  121),  the  construction 
of  a highway  (Figure  122),  etc,  lead  to  the  development  of  a thermokarst  even 
when  the  average  annual  temperatures  of  the  rocks  are  low.  The  form  of 
thermokarst  lakes  depends  on  the  conditions  of  occurrence  of  the  reopened- 
vein  ices. 

On  sections  with  intensive  runoff  baydzherakhi  (hillocks  remaining  after  de- 
glaciation) of  conic  shape  form,  usually  arranged  in  the  manner  of  a checker- 
board (Figure  123).  On  sections  of  watersheds  with  hindered  runoff  of  water 
the  forms  of  the  baydzherakhi  are  flat  and  their  height  is  considerably  less 
than  that  of  the  conic  ones  (Figure  124). 

In  southern  areas  of  the  region  in  which  permafrozen  rocks  are  prevalent  this 
variety  of  ice  is  rarely  encountered  or  is  completely  absent.  Subsurface 
ice  bodies  in  those  regions  consist  mainly  of  segregation  ices  of  a schlieren 
lenslike  bedding.  Those  ice  bodies  are  epigenetic  and  their  formation  is  con 
nected  with  moisture  migration  during  the  freezing  of  rocks.  The  depth  of 
occurrence  of  those  ice  bodies  is  most  often  greater  than  that  of  the  summer 
thawing  of  rocks.  Therefore  in  such  regions  the  start  of  the  development  of 
a thermokarst  often  is  connected  with  the  overall  process  of  degradation  of 
permafrozen  rock  masses. 

Thus  the  development  of  a thermokarst  can  be  both  regional,  arising  as  a re- 
sult of  planetary  secular  changes  of  heat  exchange,  and  local,  caused  by 
local  changes  of  the  thermal  regime  of  the  rocks  as  a result  of  limited 
changes  of  natural  conditions.  Such  local  phenomena  of  a thermokarst  are 
often  caused  by  the  productive  activity  of  man. 
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Figure  122.  Thermokarst  which  began  to  develop  after  the 
highway  from  Kular  to  the  bank  of  the  Yana  was  built. 
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Figure  123.  Baydzherakh i on  the  slope  of  the  Mus-Khay 
outcrop  on  the  Yana  River. 


Figure  124.  Baydzherakhi  on  the  flat  surface  of  a lake- 
alluvial  plain 


It  follows  from  what  has  been  said  that  in  frost  geological  engineering  in- 
vestigations for  the  purpose  of  compiling  a forecast  of  the  formation  of  a 
thermokarst  in  connection  with  the  opening  up  of  territory  it  is  necessary 
to  study  in  detail  the  frost  characteristics  and  correlations  of  the  depth 
of  occurrence  of  underground  icc  and  the  thickness  of  the  layer  of  seasonal 
thawing  as  a function  of  a complex  of  components  of  the  natural  environment 
(see  Chapter  5).  All  those  changes  of  the  natural  conditions  which  cause 
an  increase  of  the  depth  of  seasonal  thawing  of  rocks  lead  to  the  formation 
and  development  of  a thermokarst. 

Estimation  of  the  Possibility  of  the  Start  of  Development  of  a Thermokarst 
Process  (Example  50) 

Determine  the  possibility  of  the  formation  of  a thermokarst  in  the  following 
cases:  a)  elevation  in  separate  years  of  the  average  annual  air  tempera- 

ture by  1.5  and  b)  increase  of  the  amplitude  (physical)  of  fluctuations  of 
the  air  temperature  by  5 if  it  is  known  that  soils  with  a large  amount  of 
schlieren  ice  occur  from  a depth  of  1.6  meters. 

The  natural  climatic  conditions  are  characterized  by  the  following  average 

perennial  data:  t . = -8.7°,  A . = 21°,  z = 0.5  m,  p = 0.22  g/cc. 

v air  ’air  sn  ’ ' sn 

The  soils  in  the  layer  of  seasonal  thawing  are  composed  of  loams  with  w = 

30%,  w = 7%,  Y , = 1200  kg/cm3;  C =0.19  kca 1/ (m3 ) (degree) , \ =1.0 

un  sk  spec  ^ t ~ 

kca 1 / (m) (hr ) (degree) , C , = 588  kcal/(m  )(degree),  Q,  = 22,080  kcal/m  . 

vo  1 -t  pi 

Solution.  1.  We  determine  t and  $ during  elevation  of  t . by  1.5°  in 

o t air  J 

relation  to  its  average  perennial  value: 

VtH  21-0.259  5,4°, 

■o  -3.7  ■ .5  5.4 

2!  — 5,4  15,0°. 


Under  those  conditions  $ according  to  a nomogram  (see  Figures  15  and  17)  is 
equal  to  1.55  m. 

2.  We  determine  the  temperature  regime  and  depth  of  seasonal  thawing  of  rocks 

during  increase  of  A . by  5 in  relation  to  the  average  perennial  amplitude: 

3 i r 

.4,  ---  21  . 5 25°,  A/c„  2G -0,259  6,7°, 


8,7  . 0,7 


A, 


20  0,7  19,3’. 


The  depth  of  the  thawing  of  rocks  under  those  conditions  reaches  1.8  m.  Thus 
during  elevation  of  t by  1.5  the  depth  of  seasonal  thawing  does  not  reach 

the  depth  of  occurrenSe  of  icy  grounds,  and  during  Increase  of  A^ir  by  5"  at 
a value  of  t . equal  or  close  to  its  average  perennial  value  a (-8.7°) 
the  thawing  a embraces  the  icy  horizon,  which  leads  to  the  formation  of  a 
chermo  karst. 
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Measures  necessary  for  the  prevention  of  a thermokarst  are  reduced  primarily 
to  various  kinds  of  fillings  which  are  carried  out  so  that  the  depth  of  the 
seasonal  thawing  does  not  reach  the  underground  ices.  Such  fillings  can  be 
calculated  as  follows. 

Calculation  of  the  Height  of  Fillings  of  Soil  to  Prevent  the  Development  of 
a Thermokarst  (Example  51) 

Determine  the  possibility  of  the  development  of  a thermokarst  during  the  re- 
moval of  the  plant  cover  and  calculate  the  height  of  the  filling  of  the  ground 
to  prevent  it  if  during  a frost  survey  the  following  data  were  obtained.  The 
construction  site  is  situated  on  a lake-alluvial  plain  composed  from  the  sur- 
face of  loams  with  V = 1000  kg/m  , w = 35%,  C = 530  kca  l/(nA)  (degree) , 

^ S V O X ^ c 

= 20,000  kcal/m  , At  = 1.0  and  = 1.2  kca 1/ (m) (degree ) (hr ) . The  perma- 

frozen  rock  mass  in  the  upper  part  of  the  profile  is  composed  of  loams  with 

frequent  schlieren  of  ice  with  a total  moisture  content  of  60%,  ^ = 800 

kg/m  , C • 760  kca 1/ (nr) (degree) , Q = 40,000  kcal/m  , A.,  = skG.7  and 

. vol-t  jp  t 

= 1.0  kca l/(m)  (degree) (hr).  The  average  annual  air  temperature  is  -10.6  , 

tne  annual  amplitude  of  the  air  temperature  is  21.5' , and  the  height  of  the 

snow  reaches  0.5  m at  a density  of  0.22  g/cc.  The  plant  cover,  consisting 

of  moss-underbrush  cover,  increases  the  average  annual  temperature  by  0.3 

and  reduces  the  amplitude  of  the  temperature  fluctuations  on  the  surface  of 

the  soil  by  2.2°. 

When  the  plant  cover  is  removed,  on  account  of  reduction  of  the  albedo  of 
the  denuded  surface  the  annual  average  temperature  of  the  soil  is  elevated 
by  0.9  , and  the  amplitude  in  that  case  is  increased  by  2.5  . 

Solution.  1.  We  determine  the  temperature  regime  and  depth  of  seasonal 
thawing  of  the  ground  under  natural  conditions: 

&tCK  21,5-0,259  5.6'; 

/,  'Vck  . -Vp  - 10,6  5,6  0,3  -4,7’; 

\ A,  -A/C11-  Vlp  21,5-5,6  2.2  1.3,7*. 

With  a nomogram  (Figure  33)  we  find  the  temperature  shift  in  the  layer  of 
seasonal  thawing.  With  the  starting  parameters  t = -4.7°,  A = 13,7°, 

^vol  t * ^0  kca l/(m2 3) (degree),  At  “ 1.0  and  A ^ “ 1.2  kca  1/ (m)  (degree  ) (hr  ) , 

and  0^  - 20,000  kcal/m"^  we  obtain  At^  ~ 0.4°.  Consequently,  t^  - -5.1°. 

With  a nomogram  (Figure  17)  we  determine  that  under  natural  conditions 
j - 1.0  m. 

2.  We  determine  t^  and  ) with  the  plant  cover  removed  to  make  clear  the  pos- 
sibility of  the  development  of  a thermokarst: 

/ Afc„  Mh  10,6  5.6  0,9  -4,1°; 

\ *M  5 - 5,6  . 2.5  1S,4J. 

• 'o  - 
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In  the  first  year,  after  removal  of  the  plant  cover,  in  the  layer  of  annual 
tempera ture  fluctuations  there  will  be  an  unsteady  regime  of  the  temperature 
field:  the  average  annual  temperature  on  the  surface  of  the  soil  will  be 

0.6°  higher  (4.7  - 4.1)  and  at  the  depth  of  the  seasonal  thawing  will  remain 
equal  to  -5.1°.  The  influence  of  the  elevation  of  the  annual  average  tem- 
perature of  the  surface  on  the  depth  of  the  seasonal  thawing  in  that  case 
can  be  calculated  similarly  to  what  is  done  in  the  calculation  of  the  poten- 
tial seasonal  freezing,  that  is,  the  difference  At^  of  0.6°  should  be  added 
to  the  value  of  the  amplitude.  Correspondingly  the  depth  of  the  seasonal 
thawing  of  the  ground  in  the  first  year  after  removal  of  the  cover  must  be 
calculated  at  ty  = -5.1  and  = 19  . Since  the  depth  of  thawing  in  that 
case  is  increased  and  embraces  the  upper  horizon  of  the  permafrozen  rock 
mass,  it  is  necessary  to  take  into  account  the  change  of  the  ice  content  and 
the  properties  of  the  ground  in  determining  the  starting  data  for  finding  £. 
With  the  method  of  weighted  averages,  assuming  that  the  depth  of  thawing  in- 
creases by  not  more  than  0.5  meter,  we  find  that 

Cc'" BJ  531-1.0  --  76n-0.5__  r00  KKa.yM\-pad, 

1 1.5 

/.c7p  95  0.9  kkq.i.'m- epad -HOC,  (?*  *’  2600 0 kko.i  x' 

With  those  data , with  a nomogram  (Figure  17)  we  find  the  depth  of  thawing: 

$ = 1.44  Vo. 9 - 1,4  m. 

Consequently,  when  the  plant  cover  is  removed  the  depth  of  the  seasonal  thaw- 
ing of  the  ground  in  the  very  first  season  will  increase  by  40%  in  relation 
to  the  depth  under  natural  conditions.  When  the  drainage  of  the  surface  is 
difficult  this  leads  to  the  development  of  a thermokarst,  since  during  the 
thawing  of  strongly  iced  grounds  of  a frozen  rock  mass  in  the  range  of  depths 
of  1.0  - 1.4  m a subsidence  of  0.1  m occurs  during  the  thawing. 

3.  In  determining  the  height  of  filling  necessary  to  prevent  a thermokarst 
one  should  determine  the  depth  of  the  seasonal  thawing  of  the  soil  forming 
under  new  and  changed  conditions  in  very  warm  years.  If  in  the  analysis  of 
the  climatic  data  (for  the  last  decade  or  a longer  period  of  years)  it  turns 
out  that  a very  warm  year  from  the  point  of  view  of  a high  average  annual 
temperature  is  characterized  by  a small  amplitude,  then  it  is  preferable 
for  calculations  to  select  a year  characterized  by  a very  long  and  hot  suimier 
and  a very  large  amplitude  of  fluctuations  (even  if  the  average  annual  tem- 
perature remains  on  the  level  of  the  average  perennial).  In  selecting  a warm 
year  one  can  be  guided  by  the  fact  that  the  elevation  of  the  average  annual 
temperature  of  the  ground  by  1°  and  an  increase  of  the  amplitude  by  2°  brings 
each  separately  to  an  identical  increase  of  the  depth  of  thawing. 

Under  the  conditions  of  the  given  region  the  steady  temperature  field  after 
removal  of  the  plant  cover  will  be  characterized  by:  A = 18.4°  and  t<  - 

- -4.8°  (since  under  the  new  conditions  At^  ^ 0.7°).  ° 

According  to  climatic  data  in  separate  warm  years  (which  recur  twice  in  a 
decade)  t increases  by  2°  and  A^  Increases  by  6 . The  height  of  the  snow 


in  those  years  is  close  to  the  average  perennial  norm,  that  is,  about  0,5  in. 

In  that  case  the  temperature  conditions  on  the  surface  of  the  soil  will  be 
characterized  by: 

t 8,0°;  /l,  24,5°;  St,„  24,5-0,259  0.3°; 

/„  — 8,6  • 6,3  0,9  —1,4°;  ,40  -24,5  2,5  — 6,3  20,75 

In  calculations  of  the  depth  of  the  seasonal  thawing  in  warm  years  t^  is 
assumed  to  be  -4,8°  in  accordance  with  the  new  steady  temperature  regime  of 
the  rocks.  The  elevation  of  the  average  annual  temperature  on  the  surface 

of  the  soil  (from  -4,1  to  -1,4  ) is  taken  into  consideration  in  A : 

o 

/10  20,7  1-2,7  23,4°. 

The  properties  of  the  grounds  in  the  layer  of  thawing  are  assumed  to  be: 

^vol  t = kca  1 / (nr  ) (degree ) , = 1.0  kca  1/ (M)  (degree ) (hr ) , = 20,000 

kcal/m3  (it  is  assumed  that  the  grounds  of  the  upper  part  of  the  profile  of 
the  rock  mass,  in  density,  moisture  content  and  thermophysical  properties 
after  repeated  thawing  and  freezing,  in  the  period  of  establishment  of  the 
new  temperature  regime  become  similar  to  grounds  of  the  layer  f formed  be- 
fore removal  of  the  plant  cover).  With  a nomogram  we  find  that  $ = 1.9  m. 

Consequently,  to  exclude  the  possibility  of  thawing  the  upper  horizon  of  icy 
permafrozen  rock  mass  the  height  of  the  filling  of  the  soil  must  be  not  less 
than  (1.9  - 1.0)  + 0.2  = 1.1  m (0.2  is  given  in  reserve,  as  the  fillings 
with  time  will  be  lowered  as  a result  of  packing  of  the  soil,  denudation,  etc). 

In  the  process  of  development  of  a thermokarst,  bodies  of  water  with  permeat- 
ing and  non-permeating  taliks  can  form.  The  forecast  of  the  formation  of 
those  taliks  and  their  development  in  time,  and  also  the  change  of  their  con- 
figuration, can  be  determined  as  was  shown  in  Chapter  7. 

Of  great  importance  for  the  development  of  a thermokarst  and  the  formation 
of  bodies  of  water  is  the  water  balance.  When  the  runoff  and  evaporation 
exceed  the  arrival  of  moisture  (through  precipitations,  surface  runoff  and 
water  from  the  thawing  of  underground  ice),  a thermokarst  body  of  water  dries 
up.  In  that  case  the  temperature  regime  of  the  bottomset  beds  changes  sharply 
in  the  direction  of  lowering  of  temperatures . When  the  body  of  water  has 
dried  completely,  permafrozen  rock  masses  start  to  form  again.  The  new  for- 
mation of  frost  can  be  calculated  as  follows. 

Calculation  of  the  Thickness  of  a Layer  of  New  Formation  of  Frost  After  the 
Drying  Up  of  a Thermokarst  Lake  (Example  52) 

During  the  drying  up  of  thermokarst  lakes  on  a lake-alluvial  plain  composed 
of  loam-sandy  loam  frozen  rock  masses  of  deposits,  non-permeating  taliks  under 
a lake  start  to  freeze.  Determine  at  what  depth  of  the  lake  the  bottomset 
beds  start  to  freeze  and  at  what  depth  they  freeze  after  25  years  if  the  fol- 
lowing data  are  known:  t , ” -10.6°,  A . - 23.5°,  z - 0.3  m,  ft  - 0.22 

air  air  ’ sn  vsn 
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g/cm  , ^ - 2 m.  The  bottomset  beds  consist  of  silty  loams;  during  freezing 

they  acquire  a f ine-schl ieren  multilayered  cryogenic  texture  characterized  by 
a total  moisture  content  of  55%.  Frozen  loams  have  the  following  properties: 
t = 800  kg/m-*,  X - 1.2  kca 1/ (m) (degree ) (hr ) , C « 400  kca 1/ (m3 ) (degree ) , 

SK  £ VO 1 -I 

Q,  = 36,000  kca 1/m  . The  temperature  regime  on  the  surface  of  the  bottomset 
beds  Is  determined  by  the  following  conditions:  in  the  course  of  the  first  5 
years  from  the  moment  of  start  of  freezing  a layer  of  water  with  a thickness 
of  0.3  m on  the  average  is  preserved  in  the  lake  basin.  After  complete  dry- 
ing the  height  of  the  snow  cover  in  the  basin  increases  to  0.5  m. 


Solution.  1.  We  calculate  at  what  critical  depth  of  a thermokarst  lake  the 
perennial  freezing  of  the  bottomset  beds  can  start. 

The  temperature  regime  on  the  surface  of  the  body  of  water  under  the  snow 
is  determined: 


Srcii  23,5-0,164  3,8'; 

/c.„  a —10,6-3,8  —6,8°; 

.4c,b,a  23,5-3,8  . 19,7'; 

« >2.9';  /BK.,-  -26,5°. 


The  depth  of  the  body  of  water  at  which  the  average  annual  temperature  is 
zero  is  determinable  from  the  equation 


A»-o  = Hn  (]  - = 2,0  ( 1 


12,9 

23,5 


10  M. 


Consequently  when  the  water  level  in  the  lake  is  reduced  to  1.0  m or  more 
the  bottomset  beds  start  to  freeze,  with  the  formation  of  a permafrozen  rock 
mass. 


2.  We  determine  the  average  annual  temperature  on  the  surface  of  the  bottom- 
set  beds  which  a)  is  established  at  a depth  of  the  body  of  water  of  0.3  m 
and  also  b)  in  the  case  of  complete  drying  of  the  lake  at  a height  of  the 
snow  of  0.5  m: 


2)  6.-0. 3 


2,0  ~-0,3-  (—  26,5) 
2.0 


C)  A:ch  — 23.5-0,259  6,0°;  t 


-f  12.9 

-4,8°, 

— 10,6  6,0  = —4,6°. 


As  is  evident  from  the  calculation,  the  average  annual  temperature  of  the 
surface  of  the  deposits  will  change  in  the  course  of  25  years  from  -4.8  to 
-4.6  , We  will  take  the  value  t “ -4.6  for  calculation  of  the  depth  of 
the  permafrost. 

3.  The  thickness  of  the  new  formation  of  permafrozen  rocks  can  be  calculated 
by  the  method  of  exact  solution  of  the  Stefan  problem  (Chapter  3).  For  ap- 
proximate calculation  we  use  the  approximate  Stefan  formula  (3.7.7)j 
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II  : . <j • 25 • 8 760 

3:.  000 


5,5  m. 


Consequently,  a layer  of  permafrozen  loams  with  a high  ice  content  and  a 
thickness  of  5,5  meters  forms  in  25  years. 

During  the  formation  of  permafrozen  rock  masses  the  water-bearing  horizon  in 
a non-permeating  talik  becomes  interfrostal  and  acquires  a large  head.  Ir- 
regularity of  the  drying  of  the  lake  and  subsequent  freezing  of  the  rocks  has 
the  result  that  in  places  not  yet  dried  or  where  the  thickness  of  the  rock 
masses  is  minimal  from  the  surface  the  ground  bulges  and  large  hummocks  -- 
bulgunnyakhi  --  form.  The  hummock  size  reaches  30-50  meters  in  height  and 
200-300  meters  in  cross  section  with  ice  lenses  in  the  hummock  of  30-40  meters. 
The  possibility  of  the  formation  of  such  bulgunnyakhi  can  be  calculated  and 
an  approximate  estimate  made  of  their  dimensions  as  was  shown  in  example  42. 

/Distinctive  features  of  the  formation  of  a thermokarst  in  different  lati- 
tudinal zones  and  geostructura 1 regions/.  The  character  of  a thermokarst  is 
determined  primarily  by  the  genesis  and  conditions  of  occurrence  of  the  under- 
ground ices  and  the  latitudinal  zonation  of  their  prevalence.  The  develop- 
ment of  a thermokarst  also  depends  substantially  on  the  ratio  of  the  depths 
of  occurrence  of  the  underground  ices  and  the  depths  of  the  seasonal  thawing 
of  the  rocks.  That  dependence  has  the  result  that  the  latitudinal  zonation 
of  a thermokarst  is  determined  also  by  the  latitudinal  zonation  of  the  seasonal 
thawing. 

As  is  known,  the  latitudinal  zonation  of  the  prevalence  of  underground  ices 
is  characterized  by  the  fact  that  during  movement  from  south  to  north  in  the 
upper  part  of  the  profile  the  epigenetic  ices  are  replaced  by  syngenetic. 

In  frost-temperature  zones  I and  II  epigenetic  ices  are  prevalent  everywhere 
in  the  form  of  both  ice-cement  and  separate  schlieren  and  lenses  of  ice.  As 
a rule,  those  ices  are  confined  to  the  uppermost  horizon  of  permafrozen  rock 
masses  (within  the  range  of  1 or  2 tens  of  meters). 

In  the  indicated  zones  the  thermokarst  is  connected  with  the  thawing  of  epi- 
genetic ices  in  finely  dispersed  epigenetic  frozen  loose  deposits.  Usually 
they  are  deluvial  and  eluvial  deposits,  alluvial  flood-plain  and  ox-bow 
facies,  a 1 luvia 1 -lake  and  coastal-lake  deposits  of  watershed  plains,  glacier, 
mainly  moraine,  deposits,  and  also  mar  ine  depos  i ts  cons  ist  ing  of  clayey  and 
loamy  varieties.  The  form  of  a thermokarst  is  determined  by  the  conditions 
of  occurrence  of  the  ices.  The  bedding  of  the  ices  in  the  form  of  separate 
lenses  causes  the  formation  of  small  basin-like  lows  and  small  lakes  (with  a 
diameter  of  tens  of  meters)  with  a small  depth,  A characteristic  feature  of 
a thermokarst  of  that  type  is  the  group  arrangement  of  lakes  on  relatively 
large  areas,  measured  in  tens  and  hundreds  of  square  kilometers.  In  that 
case  the  separate  lakes  are  divided  by  isthmuses,  relatively  dry,  composed 
of  deposits  containing  little  ice.  The  formation  of  a thermokarst  in  zones 
I and  II  is  very  often  connected  with  the  thawing  of  permafrozen  rock  masses. 
The  dynamics  of  the  layer  of  seasonal  thawing  of  rocks  lead  much  more  rarely 
to  the  formation  of  a thermokarst. 
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In  zones  IV  and  V a thermo karst  is  connected  with  the  thawing  mainly  of  re- 
opened-vein  ices  in  syngenet ica 1 ly  frozen  rock  masses.  A specific  feature 
of  the  bedding  of  those  ices  is  their  direct  location  at  the  base  of  the 
seasonally  thawed  layer,  in  connection  with  which  a very  slight  increase  of 
the  depth  of  the  sunner  thawing  of  rocks,  as  a rule,  leads  to  the  formation 
of  a thermokarst.  Epigenetic  ices  in  frost-temperature  zones  IV  and  V usually 
are  at  great  depths  (20-30  meters  or  more)  and  therefore  cannot  be  of  great 
importance  in  the  formation  of  a thermokarst.  Syngenetic  ices  are  confined 
to  the  flood-plain  facies  of  alluvial  deposits,  the  coastal-lake  facies  of 
lake  and  the  coasta 1-mar ine  facies  of  marine  deposits.  Reopened-ve in  ices 
are  prevalent  mainly  in  finely  dispersed  varieties  of  those  deposits. 

Within  the  limits  of  the  zones  under  consideration  the  depth  of  the  seasonal 
thawing  is  very  small,  and  so  the  reopened-ve in  ices  are  at  a depth  of  several 
tens  of  centimeters  from  the  surface.  A very  slight  change  on  the  surface  of 
the  soil  (disturbance  of  the  plant  cover,  change  of  the  snow  height,  change 
of  the  moisture  content  of  the  soils  in  the  seasonally  thawed  layer,  etc)  can 
lead  to  the  start  of  formation  of  a thermokarst.  The  thawing  of  ices,  sub- 
sidence of  the  surface  and  the  formation  of  water  bodies  lead  to  a warming 
effect  of  the  layer  of  water,  as  a result  of  which  the  average  annual  tempera- 
ture of  the  rocks  is  elevated  and  the  depth  of  the  seasonal  thawing  under  the 
water  body  increases.  Thus  the  formation  of  a thermokarst  lake  creates  favor- 
able conditions  for  the  further  development  of  the  process. 

A thermokarst  in  frost-temperature  zones  IV  and  V can  also  form  during  irregu- 
lar seasonal  thawing  of  strongly  iced  syngenetic  frozen  sol  if luct  iona 1 depos- 
its and  strongly  iced  coasta 1-lake,  and  alluvial  deposits  with  layered  cryo- 
genic textures.  The  forms  of  the  thermokarst  in  that  case  are  very  different 
and  often  are  determined  by  the  character  of  the  production  activity. 

In  frost-temperature  zone  III  the  formation  of  a thermokarst  through  the 
thawing  of  epigenetic  ices  weakens  and’  almost  ceases  completely.  Simultane- 
ously with  that  a thermokarst  forming  on  account  of  the  thawing  of  reopened- 
vein  ices  also  is  not  widespread,  as  those  ices  are  encountered  extremely 
rarely  in  the  z ne.  In  zone  III  a thermokarst  occurs  mainly  on  sections 
anomalous  for  that  zone.  On  sections  with  a temperature  regime  of  rocks 
characteristic  of  zones  I and  II  the  development  of  a thermokarst  is  linked 
with  the  thawing  of  epigenetic  ices. 

The  spread  and  character  of  a thermokarst  are  essentially  different  in  dif- 
ferent geological  structural  regions.  It  is  most  widespread  on  lowland-plain 
territories  composed  of  a thick  mass  of  loose  sediments.  In  regions  of  solid 
rocks  a thermokarst  is  not  widespread  and  is  confined  mainly  to  alluvial  ter- 
races, and  more  rarely  to  upland  terraces.  In  that  case  the  origin  of  a 
thermokarst  is  connected  with  the  thawing  of  buried  and  sol  if luct  iona 1 ices, 
and  also  with  the  thawing  of  buried  glaciers. 

5.  Processes  of  Thermal  Abrasion  and  Prediction  of  Their  Development 

Thermal  abrasion  is  a process  of  destruction  of  the  coasts  of  northern  seas, 
lakes  and  rivers  composed  of  permafrozen  rocks,  occurring  as  a result  of  the 
mechanical  and  thermal  action  of  water,  and  also  under  the  effect  of  the  heat 
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of  air  masses.  Thermal  abrasion  is  noted  on  the  coasts  of  northern  seas, 
on  lowlands  near  the  sea  and  in  intermountain  areas  composed  of  icy  deposits 
of  a different  genesis.  Thermal  abrasion  is  a specific  phenomenon  for  a 
region  of  permafrozen  rocks  and  is  linked  with  regions  where  underground  ices 
mainly  of  the  reopened-ve in  type  are  prevalent. 

During  thermal  abrasion,  as  a result  of  the  summary  thermal  effect  of  the 
main  factors  destroying  coasts,  thawing  of  rocks  on  steep,  often  perpendicular, 
slopes  occurs.  Then  forms  a layer  of  thawed  strongly  moistened  rocks  which 
either  slide  to  the  base  of  the  slope  on  the  surface  of  a frozen  rock  mass  un- 
der the  effect  of  the  force  of  gravity  or  are  washed  away  by  the  surf  and 
draining  streams  of  mud.  M0re  often  a combined  effect  is  noted,  when  the 
lower  part  of  a slope  is  washed  away  by  waves  and  deep  niches  are  washed  out 
in  a coastal  scarp.  This  causes  caving  of  masses  of  thawed  ground  making  up 
the  upper  part  of  the  slope.  In  contrast  with  ordinary  abrasion  of  coasts, 
during  thermal  abrasion  the  caving  of  coastal  masses  of  rock  leads  to  denuda- 
tion of  the  frozen  ground  and  its  subsequent  intensive  thawing.  The  intensity 
of  the  processes  of  thermal  abrasion  is  determined  by  the  conditions  of  bed- 
ding of  the  permafrozen  rock  masses,  their  ice  content  and  cryogenic  textures, 
the  character  and  regime  of  the  water  bodies  and  climatic  characteristics  (the 
direction  of  the  prevailing  winds,  the  character  of  sunnier  precipitations  and 
snow  accumulation  and  the  continental  character  of  the  climate). 

Besides  the  above  indicated  factors,  of  great  importance  are  the  dimensions 
of  ice  veins  and  the  dimensions  of  the  lattice  of  those  ices.  When  the  dimen- 
sions of  the  polygons  are  large  (20-30  m)  during  the  thawing  of  relatively 
small  ice  veins  perpendicular  "towers"  form  which  when  the  niches  are  washed 
out  are  destroyed  and  washed  away  by  the  water.  When  the  upper  and  lower 
parts  of  the  scarp  have  unequal  ice  contents,  at  the  bottom  gently  sloping 
scarps  --  "thermal  terraces"  --  can  form,  and  if  the  activity  of  the  wave-cut 
factor  is  not  intensive  enough  here  the  process  of  thermal  abrasion  can  be 
damped.  When  the  ice  content  of  the  soils  is  relatively  small,  between  the 
vein  ices,  as  a result  of  their  thawing,  form  baydzherakhi  which,  upon  being 
unloaded,  assume  the  shape  of  cones  (see  Figure  123).  If  vein  ice  lying 
parallel  to  the  scarp  is  uncovered  by  thermal  erosion,  it  has  the  form  of  a 
solid  wall  of  ice. 

In  estimating  the  stability  of  coasts  and  the  intensity  of  the  processes  of 
thermal  erosion  it  is  necessary  above  all  to  determine  the  geomorpholog ica 1 
and  stratigraphic-genetic  classification  of  the  rocks  making  up  the  permafrozen 
rock  coastal  masses,  the  presence,  character  and  genesis  of  the  underground 
ices,  their  extent,  bedding  and  dimensions,  and  also  the  intensity  of  the 
coastal  marine  abrasion. 

The  thermal  abrasion  of  the  shores  of  thermokarst  lakes,  in  contrast  with  the 
thermal  abrasion  of  seacoasts,  is  characterized  by  the  fact  that  the  effect 
of  the  surf  factor  is  sharply  reduced  and  the  transport  of  thawed  material 
into  the  depth  of  the  lakes  on  account  of  sliding  (floating)  of  loose  mater- 
ial along  the  surface  of  the  gentle  slopes  of  the  lake  bottom  predominates, 
and  also  the  work  of  currents  of  rainwater  and  floodwaters.  A characteristic 
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feature  of  tht  development  of  thermnkarst  lakes  in  the  northern  and  north- 
eastern parts  of  the  country  is  the  simultaneous  thawing  and  formation  again 
of  syngenet ic  reopened-vein  ices.  Thermokarst  lakes  form  in  the  ; rocess  of 
the  thawing  of  those  ices.  Near  the  shores  of  those  lakes,  through  the  slid- 
ing of  soils  which  have  thawed  on  the  coastal  slopes,  form  shallows  which 
during  subsequent  drying  of  the  lake  emerge  on  the  surface  and  begin  to  freeze. 
In  the  period  of  the  flood-plain  regime  of  those  lakes  in  the  shallows  sedi- 
ments are  deposited  which  are  subjected  to  syngenet ic  freezing,  frost  cleav- 
age and  the  formation  of  ice  veins  in  them.  Thus  in  one  part  of  the  alasy 
lakes  an  intensive  process  of  thermal  abrasion  and  expansion  of  the  lake  is 
observed,  and  in  another,  usually  opposite,  proceeds  the  process  of  sedimen- 
tation and  the  formation  of  syngenetic  permafrozen  rock  masses.  Thermal 
abrasion  is  usually  noted  on  coasts  with  a southern  exposure  and  on  windward 
slopes,  where  the  effect  of  the  surf  factor  is  manifested  very  intensively. 

The  formation  of  permafrozen  rock  masses  and  encroachment  of  the  coast  are 
noted  on  the  opposite  side.  As  a result  of  the  noted  processes  a migration 
of  alasy  [depressions  in  the  pergelisol]  thermokarst  lakes  is  observed. 

It  is  obvious  that  the  effect  is  very  important  in  the  general  evaluation  of 
cr yogeolng ica 1 engineering  conditions  and,  in  particular,  in  compiling  a fore- 
cast of  the  development  of  thermal  erosion  in  regions  of  the  production  open- 
ing up  of  sections  and  the  placement  of  structures.  It  is  natural  that  in 
that  case  the  basis  for  such  a forecast  is  study  of  the  distribution  of  gen- 
etic geological  complexes  of  rocks  and  types  of  frozen. rock  masses,  their 
temperature  regime,  the  ice  content  and  conditions  of  bedding  or  reopened- 
vein  ices.  Of  no  little  importance  in  the  study  of  the  dynamics  of  thermo- 
karst lakes  and  the  processes  of  thermal  abrasion  of  their  shores  is  the 
question  of  the  use  of  such  lakes  for  agricultural  purposes.  In  connection 
with  the  fact  that  within  the  limits  of  taliks  on  the  bottom  of  alasy  basins 
there  forms  a temperature  regime  of  the  soils  which  is  essentially  different 
from  the  coastal  mass  and  in  proportion  to  the  emergence  of  the  lake  bottom 
on  the  surface  the  temperatures  of.  the  soils  on  those  sections  are  held  for 
a definite  time  in  the  region  of  positive  values.  On  account  of  that,  in 
the  vegetation  period  the  ten^era tures  of  the  soils  are  so  high  that  the 
soil  climate  proves  to  be  favorable  for  the  growing  of  agricultural  crops 
even  under  the  conditions  of  the  Extreme  North  and  the  Arctic.  Therefore 
in  solving  problems  of  the  national  economy  it  is  necessary  to  compile  a 
forecast  of  the  destruction  of  the  coasts,  the  dynamics  of  the  drying  up  of 
swamps  and  lakes  and  the  change  of  the  moisture  and  temperature  regimes  of 
the  bottomset  beds,  and  on  the  basis  of  that  to  develop  methods  of  monitoring 
and  control  of  the  frost  process  for  purposes  of  regulation  of  the  soil  cli- 
mate for  needs  of  agriculture. 

The  general  procedure  for  calculation  of  processes  of  thermal  abrasion  and 
the  destruction  of  coasts  can  be  illustrated  as  follows. 

Estimation  of  the  Rate  of  Therma 1 Abrasion  of  Coasts  Composed  of  Strongly 
Icy  Rocks  (Example  53) 

Observations  of  the  therm.) I abrasion  of  coasts  were  conducted  during  a frost 
survey  on  a section  of  undermined  cliff  of  an  outlier  of  an  old  lake-alluvial 
plain.  In  the  outlier  with  a height  of  more  than  20  meters  above  the  water 
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line  of  a river,  reopened-vein  ices  are  exposed,  with  enclosing  deposits 
consisting  of  horizontal  layered  silty  sandy  loams,  peatified,  with  thin 
layers  of  fine-grained  silty  sand.  The  icy  rock  mass  is  covered  from  above 
with  a layer  of  sol ifact ion-deluvia 1 silty  sandy  loams  with  a thickness  of 
2.0-2, 5 meters.  As  a result  of  intensive  lateral  thawing  there  is  encroach- 
ment of  the  cliff  of  the  outlier  and  the  formation  of  baydzherakhi  (see  Fig- 
ure 123)  on  sections  with  both  a southern  and  a northern  exposure, 

o r* 

The  climatic  conditions  are  characterized  by: 
the  average  annual  air  temperature  (Cg ^ ann 
average  perennial  data).  The  length  of  the  warm  period  is  3 months 

(T  = 2160  hours).  On  precipitous  slopes  (more  than  50°)  of  an  outlier 
w l&aTa  southern  exposure  the  average  annual  air  temperature  on  the  surface 
is  1°  higher  than  on  horizontal  sections  and  slopes  with  a northern  exposure 
on  account  of  increase  of  the  inflow  of  direct  solar  radiation. 


t . = -14.0',  A . =21 

alr'^/5.6°  (according  to 


The  coefficient  of  heat  transfer  on  the  surface  of  thawing  ices,  calculated 
with  the  data  of  field  microclinut ic  observations  (see  example  18)  is  11 
kca 1 / (m^ ) (hr ) (degree ) . 

The  observations  also  established  that  the  surface  of  thawing  ices  is  cov- 
ered periodically  for  a short  time  by  a thin  layer  of  floating  sol  if luct iona 1 
deluvial  deposits  thawing  from  the  surface.  On  the  average  the  ices  are  closed 
20%  of  the  length  of  the  entire  summer  period. 

Determine  the  distance  which  the  scarps  of  an  outlier  with  northern  and  south- 
ern exposures  retreat  in  10  years,  counting  from  the  time  of  observations. 

Solution.  To  calculate  the  amount  of  thermal  abrasion  of  the  coast  in  the 
summer  period  we  use  equation  (8.2.1) 
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where  n is  tha  relative  length  of  the  period  with  an  open  surface  of  the  ice 
on  slopes,  in  fractions  of  unity.  For  the  given  problem  n = 0.8. 

1.  We  determine  the  thickness  of  the  thawing  layer  of  ice  on  slopes  with  a 
northern  exposure.  In  accordance  with  the  conditions  of  the  region,  in  one 
year  the  thawing  is 

, 0,8. 1 1-5,0  2160  , 

ft  = 1 ,33  >i. 

80  000 

Consequently,  in  10  years  the  cliff  with  a northern  exposure  of  an  outlier 
at  places  where  reopened-vein  ices  are  uncovered,  retreats  13.3  meters  on  the 
average. 


2.  We  determine  the  thickness  of  a thawed  layer  of  ice  on  slopes  with  a 
southern  exposure  in  one  year: 

h _0J_n-Gi6£160_  ]57m 

£0  000 


391 


Consequently,  in  ten  years  the  cliff  with  a southern  exposure  of  the  outlier 
retreats  15,7  meters,  that  is,  2.4  meters  further  than  slopes  with  a northern 
exposure, 

6,  Solifluction  and  Prediction  of  Its  Development 

In  a region  of  permafrozen  rocks  the  processes  of  solifluction  are  widespread 
and  are  connected  with  the  presence  of  the  permafrozen  rocks.  A necessary 
condition  of  the  development  of  processes  of  solifluction  is  the  specific 
composition  of  the  soils,  their  moisture  content,  usually  equal  to  the  ab- 
solute moisture  capacity  (or  close  to  it),  the  presence  of  slip  planes  of 
the  ground  and  its  creeping.  In  a region  of  permafrost  a characteristic 
feature  of  covering  deposits  is  great  siltiness  of  the  soils.  As  is  known, 
that  is  connected  mainly  with  physical  weathering  of  minerals  and  processes 
of  coagulation  and  aggregation  of  fine  clayey  fractions.  When  the  thickness 
of  the  seasonally  thawed  layer  is  small  and  the  upper  boundary  of  the  perma- 
frozen rocks  in  northern  regions  has  a close  bedding,  the  conditions  are  cre- 
ated for  strong  moistening  of  the  soils  of  the  seasonally  thawed  layer.  When 
they  have  an  exceptionally  silty  composition,  such  moistening  leads  to  the 
formation  of  soils  with  a fluid  or  similar  consistency.  In  connection  with 
that  the  presence  of  very  small  inclinations  of  the  upper  surface  of  the  per- 
nufrozen  rocks  contributes  to  the  solif luctional  flow  of  soils  and  the  thawed 
layer  of  soil. 

Depending  on  small  or  large  change  of  the  strength  properties  of  the  soil  and 
the  velocity,  the  processes  of  solifluction  can  be  subdivided  into:  1)  slow 
creep,  2)  plastic-viscous  flow  and  3)  progressive  or  liquid  flow. 

Slow  creep  of  dispersed  soil  along  a slope  is  accomplished  as  a result  of 
multiple  heavings  during  the  freezing  of  subsequent  sediments  during  thaw- 
ing. A schematic  diagram  of  such  motion  is  presented  on  Figure  125.  It 
is  evident  on  that  diagram  that  as  a result  of  recurrent  multiple  freezings 
with  heaving  and  thawing  with  precipitation  the  surface  layer  of  dispersed 


Figure  125.  Schematic  diagram  of  creep 
along  the  slope  of  dispersed  soil  during 
its  multiple  heaving  and  subsidences  dur- 
ing recurrent  freezings  and  thawings:  1 - 
permafrozen  rock  mass;  2 - thawing  layer; 
m , m^  and  m^  - successive  positions  of 
trie  point  m at  the  start  of  freezing, 
heaving  and  subsidence. 


soil  slowly  creeps  downward. 
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There  are  relatively  few  data  available  on  measurements  of  the  actual  rates 
of  solif luction.  According  to  measurements  made  by  the  Department  of  Geo- 
cryology of  Moscow  State  University  in  the  northeastern  part  of  Western  Si- 
baria,  and  also  according  to  data  of  the  Institute  of  Geocryology  of  the 
Siberian  Department,  USSR  Academy  of  Sciences  and  foreign  investigators,  the 
solifluction  rate  on  the  average  is  8-10  cm/year  and  only  in  exceptional  cases 
reaches  30  cm/year  on  slopes  with  a steepness  of  more  than  10  . The  movement 
of  soils  is  completed  very  rapidly  on  the  surface  and  usually  halts  at  a depth 
of  50-60  cm.  In  cases  where  slow  plast ico-viscous  flow  changes  into  liquid 
flow,  the  rate  of  movement  of  the  ground  increases  sharply  and  solifluction 
changes  into  mud  flows  and  mud  avalanches. 

Under  natural  conditions,  processes  of  the  flow  of  the  soil  are  a rather  power- 
ful geological  and  geomorpho logical  factor,  under  the  influence  of  which  slope 
deposits  form  and  the  relief  of  the  terrain  changes.  All  this  can  be  shown 
graphically  on  the  example  of  an  investigation  of  solifluction  in  the  Yenisey 
River  valley  in  the  region  of  Dudinka,  where  it  is. developed  on  slopes  of  the 
river  valley,  gorges  and  lake  basins  composed  of  Sanchugovka  glac ia 1 -mar it ime 
and  Zyryanka  water-glacial  silty  sandy  loams  and  loams.  In  the  layer  of 
seasonal  thawing  those  deposits  have  an  indicator  of  consistency  larger  than 
unity,  that  is,  their  moisture  content  under  natural  conditions  of  30-50%  is 
always  higher  than  that  of.  the  lower  level  of  plasticity.  In  the  spring  and 
after  summer  rains  the  soils  as  a rule  acquire  a liquid  consistency.  There- 
fore even  on  sections  with  slopes  of  5-7  the  flow  of; soils  is  observed. 

A favorable  condition  for  the  intensive  development  of  solifluction  is  also 

the  formation  of  an  increased  moisture  content  of  rocks  in  the  base  of  the 

layer  of  seasonal  thawing.  The  wide  distribution  of  low-temperature  frozen 

rock  mass  (t  below  -4  ) and  low  air  temperatures  (t  , - -10.3  ) within  the 

m a ir 

limits  of  a lake-glacial  plain  cause  freezing  of  the  seasonally  thawed  layer 
in  the  autumn  and  winter  from  both  above  and  below.  Moisture  migration  during 
freezing  from  below  leads  to  the  formation  of  a large  quantity  of  horizontal 
ice  schlieren  with  a thickness  of  fractions  of  a cm  to  2-5  cm.  The  moisture 
content  by  weight  of  the  frozen  rocks  reaches  80-100%  during  thawing.  The 
dynamics  of  the  depths  of  the  layer  of  seasonal  thawing  under  those  condi- 
tions leads  to  the  formation  of  heavily  iced  horizons  of  permafrozen  rock 
masses  on  the  boundary  with  the  seasonally  thawed  layer,  which  has  a thick- 
ness of  1 m on  the  average.  On  sections  of  the  accumulation  of  sol  if luct iona 1 
deposits  the  icy  horizons  of  the  lower  part  of  the  layer  / change  into  the 
permafrozen  state  as  a result  of  their  burial.  The  thickness  of  the  ice 
layer  of  the  upper  part  of  the  frozen  rock  mass  Increases  to  3-4  cm  in  that 
case.  The  Icy  horizon  is  also  an  additional  source  of  moistening  of  the  soils 
during  their  thawing  and  the  surface  along  which  they  flow  in  the  diluted 
state. 

In  the  region  of  the  investigation,  in  connection  with  distinctive  features 
of  the  moisture  regime  of  the  layer  of  seasonal  thawing,  sections  with  plas- 
tlco-viscous  and  liquid  flow  are  distinguished.  Slow  plast ico-viscous  flow 
of  soils  occurs  during  the  thawing  of  rocks,  the  moisture  content  of  which 
does  not  exceed  that  of  the  yield  point.  In  that  case,  on  gentle  slopes  of 
a lake-glacial  plain  form  solif luctional  terraces  with  a length  of  up  to  10 
meters  and  a width  of  1-3  meters.  The  height  of  the  front  benches  of  those 
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terraces  varies  from  0.1  to  0.4  meter.  On  such  sections  the  flow  of  soils 
is  often  accompanied  by  rupture  of  the  sod  cover  and  the  formation  on  the 
foot  of  front  benches  of  ditchlike  depressions  with  a width  of  0.4-0. 5 meter 
and  a depth  of  about  0.3  meter.  In  those  depressions,  under  a layer  of 
peatified  soil  with  a thickness  of  0.1-0.15  meter,  lies  a lens  of  ice  or 
heavily  iced  soil  with  a thickness  of  0. 1-0.2  meter  (up  to  0.6  meter). 

During  the  thawing  of  icy  soils  of  a seasonally  thawed  layer,  the  moisture 
content  of  which  considerably  exceeds  their  absolute  moisture  capacity, 
liquid  or  progressive  flow  develops.  This  process  develops  especially  ac- 
tively on  extensive  swampy  solif luctional  slopes  cut  through  by  deep  ravines. 

In  that  case  overflows  are  observed,  characterized  by  the  movement  of  large 
volumes  of  rock,  which  in  isolated  cases  leads  to  the  burial  of  f irn  basins. 
Thus,  for  example,  in  the  course  of  3 years  i.n  the  given  region  a process  of 
liquid  flow  of  soil  and  the  burial  of  the  flowing  mass  of  rock  of  firn  basins 
on  the  edge  of  a deep  ravine  were  observed.  That  ravine  was  cut  into  deposits 
of  Sanchugovka  age  to  a depth  of  up  to  30  meters.  It  has  a curved  longitud- 
inal profile  and  a V-shaped  cross-section,  and  the  steepness  of  the  slopes 
is  40-50  . Along  the  bottom  of  the  ravine  passes  a brook  which  flows  during 
the  entire  warm  period  of  the  year.  The  water  flow  is  due  to  runoff  from  a 
lake  lying  in  a basin  in  the  upper  part  of  the  ravine.  Firn  fields  are  pre- 
served in  the  upper  part  of  the  ravine  until  the  end  of  summer.  Some  of  them 
are  partially  or  completely  covered  with  soil  flowing  from  a higher  gentle 
slope.  The  liquid  mud  flows  with  the  exception  of  boulder  and  pebble  mater- 
ial move  the  stream  in  separate  sections  toward  the  right  edge  of  the  ravine. 
The  thickness  of  the  mud  flows  in  the  bottom  of  the  ravine  reaches  0.5-0. 8 m. 
The  burial  of  firn  basins  by  sol  if luct iona 1 flows  also  occurred  in  the  past. 
Thus,  one  of  the  holes  drilled  on  a fold  of  a gentle  slope  of  a ravine  revealed 
a firn  basin  with  a thickness  of  about  5 meters  under  a 4-meter  layer  of  soli- 
fluctional  deposits. 

Closely  connected  with  distinctive  features  of  the  formation  and  freezing 
of  deluvia 1-sol  if luct iona 1 deposits  are  thermal  erosion  processes.  They 
proceed  especially  intensively  in  ravines  cut  in  silty  sandy  loams  and  loams 
of  Sanchugovk.  age  at  different  depths.  In  the  upper  reaches  of  all  the 
ravines  are  strongly  swamped  lowlands  or  lakes,  the  runoff  from  which  is  the 
main  source  of  feeding  the  currents.  If  the  runoff  from  lakes  into  adjacent 
ravines  is  considerable  and  occurs  during  the  entire  warm  period,  the  deluv- 
ia 1-sol  if  luct  iona  1 material  arriving  from  the  slopes  does  not  form  thick 
accumulations  but  is  carried  off  into  the  valleys  of  larger  currents.  In 
ravines,  the  constant  connection  of  which  with  lakes  has  been  halted  as  a 
result  of  lowering  of  the  water  level  of  the  lakes  and  their  enlargement, 
the  transport  of  deluvia 1-sol  if luct iona 1 material  is  slowed  down  and  the 
accumulation  of  that  material  exceeds  its  outflow.  In  that  case  masses  of 
sol  if luctiona 1 ravine  deposits  form,  the  thickness  of  which  reaches  5-10  m. 

In  conducting  drilling  work  it  was  established  that  the  composition  of  those 
deposits  is  characterized  by  great  variability  in  the  plane  and  cross-section: 
horizons  enriched  with  boulder  and  pebble  material  alternate  with  horizons 
of  sandy  loams  and  loams  and  with  horizons  enriched  with  peat-plant  material. 
The  ice  content  of  the  soils  and  the  cryogenic  structure  vary  sharply  in  the 
deposits.  The  massive  texture  is  replaced  by  lens-shaped,  grid,  basal  and 
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ataxitlc.  Horizons  of  let*  with  inclusions  of  boulder-pebble  material  are 
encountered.  Variegation  in  the  distribution  of  ice  in  frozen  rocks  is  evi- 
dently caused  not  only  by  heterogeneity  of  the  compos  it  ion  of  the  deposits 
but  also  by  the  character  of  the  influx  of  material  (slow  creep  or  progress- 
ive flow),  the  conditions  of  its  drainage,  the  character  of  the  freezing  and 
the  presence  of  buried  f irn  basins.  Horizons  with  a large  ice  content  either 
are  formed  during  the  freezing  of  a greatly  flooded  layer,  the  runoff  from 
which  down  along  the  slope  was  hindered,  or  are  connected  with  the  burial  of 
f irn  basins  or,  finally,  are  a result  of  freezing  of  the  layer  from  below  and 
its  burial.  The  presence  of  those  greatly  iced  horizons  predetermines  the 
development  of  thermal  erosion  in  the  ravines.  When  the  depth  of  seasonal 
thawing  under  temporary  currents  reaches  the  icy  horizon,  intensive  thawing 
of  the  ice  occurs.  Sinks  and  niches  form  at  the  bottom  of  ravines.  Often 
the  thawing  proceeds  along  a heavily  iced  horizon  lying  below  a less  icy 
frozen  layer,  as  a result  of  which  underground  traverses  form.  On  sections 
where  the  seasonal  thawing  does  not  reach  the  icy  horizons  or  the  latter  are 
absent,  the  temporary  currents  dn  not  have  a deep  cut  and  a constant  channel. 

In  that  cose  the  surface  waters  run  off  without  disturbing  the  sod-plant  cover. 

It  follows  from  the  presented  material  that  in  studying  solifluction  in  order 
to  issue  a forecast  of  its  probable  formation  it  is  necessary  above  all  to 
turn  attention  toward  the  conditions  of  development  of  the  process.  First  . 
it  is  necessary  to  map  the  composition  of  the  soils  of  the  seasonally  thawed 
layer  on  sections  of  gentle  slopes  and  slopes  of  moderate  steepness.  The 
contouring  of  sections  of  the  propagation  of  silty  dispersed  rocks  determines 
the  probable  area  of  distribution  of  solifluction.  The  moisture  regime  of 
the  soils  and  its  variation  in  connection  with  the  productive  activity  of  man 
and  sharp  moistening  or  drying  will  testify  to  the  probability  of  the  devel- 
opment or  discontinuance  of  the  process  of  solifluction  on  a given  section. 

Of  great  importance  in  that  is  the  character  of  the  relief  of  the  surface 
of  the  permafrozen  rocks  and  its  probable  change  in  connection  with  the  pro- 
ductive activity  of  man.  In  that  case  a decisive  factor  will  be  the  change 
of  the  temperature  regime  of  the  soils  and  the  change  of  the  depth  of  their 
seasonal  thawing.  A procedure  for  forecasting  the  latter  is  given  in  Chapter  5. 

The  formation  of  sol  if luctiona 1 and  upland  terraces.  The  rate  of  creep  of 
dispersed  rock  along  a slope,  other  conditions  being  equal,  depends  on  the 
steepness  of  the  slope.  On  sections  with  great  steepness  the  rate  of  soli- 
fluction is  greater  than  on  sections  with  little  steepness.  This  leads  to 
an  accumulation  of  flowing  matter  on  more  gently  sloping  sections  and  to 
change  of  the  relief  of  the  slope.  Thus  change  of  the  steepness  of  the  slope 
is  the  first  nuin  factor  in  the  formation  of  solif luct ional  terraces. 

A second  factor  is  the  tendency  of  the  process  of  solifluction  toward  a steady 
regime  of  flow  in  which  identical  volumes  of  matter  (V)  must  flow  through 
areas  (S)  of  different  cross-sections  of  flow  rock  in  a unit  of  time.  There- 
fore, where  the  rate  of  flow  (u)  is  small,  S must  be  large,  and  the  reverse, 
that  is,  the  condition  V - u “ u S,,,  which  leads  to  the  accumulation  of 
matter  and  a thickening  of  trie  flowing  layer  on  sections  of  the  slope  with 
relatively  little  curvature  and  rate  of  flow,  is  fulfilled. 
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Figure  126.  Schematic  diagram 
of  the  formation  of  sol if luct iona 1 
terraces:  I,  II  & III  --  stages 

of  their  formation. 


A third  factor  influencing  the  forma- 
tion of  so  1 if luct iona 1 terraces  on 
slopes  is  the  relative  constancy  of 
the  average  depth  of  seasonal  thawing. 

As  a result  of  that  the  lower  parts 
of  the  thickenings  of  the  flowing  layer 
of  soil  go  over  into  the  permafrojen 
state,  increasing  the  sharpness  of  the 
relief  of  the  upper  surface  of  the 
permafrozen  rock  mass  and  intensifying 
the  difference  of  the  rates  of  flow  of 
the  ground  on  sections  of  the  slope 
with  a different  curvature.  The  com- 
bined effect  of  those  factors  forming 
sol  if luct iona 1 terraces  is  shown  schema- 
tically on  Figure  126. 

The  final  stage  in  the  development  of 
sol  if luct iona 1 terraces  (III)  is  reached 
when  the  gently  sloping  sections  of  a 
slope  (that  is,  the  terraces  which  have 
formed)  become  horizontal  and  the  steep 
slopes  approach  the  angle  of  rest  of 
thawed  rock.  In  that  case  sol  if luct ion 
ceases  or  becomes  very  slow  and  steady. 

In  the  latter  case  the  sol if luct iona 1 
terraces  must  slowly  move  upward  over 
the  slope  as  a result  of  more  intensive 
drainage  of  the  soils  with  steep  sec- 
tions of  slope  and  growth  of  the  hori- 
zontal sections  of  the  "terraces"  upward. 


When  the  process  of  sol if luct ion  reaches  the  final  stage  and  in  the  case  of 
the  outcropping  of  bedrocks  on  the  slopes  the  retreat  of  terraces  upward  on 
the  slope  can  continue,  since  the  steep  slopes  of  the  benches  are  destroyed 
by  weathering  processes  and  the  forming  silt  is  distributed  over  the  surface 
of  the  terraces.  Such  terraces  are  called  "upland."  The  difference  between 
sol  if luct iona 1 and  upland  terraces  is  that  the  formation  of  the  former  is 
directly  connected  with  frost  processes,  and  upland  terraces  are  classed  as 
geological  phenomena  properly  speaking. 

As  a result  of  distinctive  features  of  the  relief  of  the  slope  and  the  con- 
ditions of  moistening  the  ground  on  separate  sections  can  be  liquified  Kid 
flow  under  the  plant  cover,  forming  "tongues"  of  soil  extended  over  the  slope. 
The  transport  of  silt  on  those  sections  causes  a collapse  of  the  belts  of 
vegetation,  and  in  places  where  the  moss  and  sod  layer  is  broken  and  in  sec- 
tions of  discontinuities  the  liquid  ground  flow  out  on  the  surface,  forming 
mud  flows  and  debris  cones. 
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A general  procedure  for  calculating  the  probability  of  development  of  the 
process  of  solifluction  is  shown  in  the  following  example. 

Evaluation  of  the  Conditi  ns  of  the  Formation  and  Development  of  Solifluction 
(Example  54) 

In  a frost  survey  it  wa  established  that  in  the  region  of  an  investigation 
solifluction  develops  on  gentle  slopes  of  a lake-alluvial  plain  in  the  sum- 
mer. To  determine  the  conditions  of  its  development  and  characterize  that 
process,  slopes  with  different  steepness  and  exposure  were  studied  and  it 
was  established  that  solifluction  is  confined  very  often  to  slopes  with 
steepnesses  of  8-10  and  15-17°.  The  soils  in  the  layer  of  seasonal  thawing 
are  composed  of  light  silty  loams,  the  moisture  content  of  which  varies ^from 
40  to  45%  and  the  specific  gravity  of  the  skeleton  of  wn ich  is  1.2  g/cm  . 

The  thermophysical  properties  of  the  soil  are  characterized  by  * A - 1.0 
kca  1/ (m ) (degree ) (hr  ) and  ” 500  kca  1/ (nr  ) (degree).  In  a test  of  the 

soils  for  long  shearing  strenglh  the  following  data  (Table  74)  were  obtained. 
The  slopes  are  grassed  under  natural  conditions.  The  plant  cover  is  compose^ 
of  mosses  and  low  bushes.  The  tensile  strength  of  the  sod  (rr^ ) is  ~ 22  g/cm". 

Table  74  Long-term  shearing  strength  Table  75  Rates  of  seasonal  thawing 
of  loams  (according  to  L.  A.  Zhigarev,  of  the  ground 
1967) 

J ci*  tr»  k 

C-.XC'  n.  rant 


O'  ,o  . r-.f  iiife 

\ T., , 

it  Cm2 

a - Moisture  content  w,  % of  dry  weight  a - Month 

b - Shearing  resistance  CT,  , g/cnr 

long’ 

The  climatic  conditions  in  the  region  are  characterized  by  the  following: 

t . " -10. 4°,  A . “ 21°,  z = 0.5  m and  p = 0.22  g/cm  . The  plant  cover 

air  ’air  sn  rsn  t 

has  a warming  influence  on  the  surface  of  the  soil:  At  , = 0.5  and 

o plant 

AA  . • 1.0  . As  a result  of  observation  of  the  radiation  balance  of  the 
plant 

surface  in  the  sunnier  period  data  were  obtained  which  made  it  possible  to 
determine  (see  example  18)  that  on  slopes  with  a southern  exposure  and  a 
steepness  of  15  the  average  annual  temperature  of  the  surface  is  1°  higher 
and  the  annual  amplitude  of  temperatures  is  2.5  larger  than  on  slopes  with 
a northern  exposure  and  a horizontal  surface.  On  gentler  slopes  practically  no 
Influence  of  exposure  on  the  arrival  of  solar  radiation  is  found. 

According  to  weather  station  data  the  rates  of  seasonal  thawing  of  the  ground 
were  obtained  for  the  end  of  each  month  (Table  75).  It  is  necessary  on  the 
basis  of  the  presented  materials  to  determine  the  conditions  of  the  formation 
and  the  duration  of  solifluction  on  slopes  with  steepnesses  of  10  and  17°. 
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Solution.  As  is  known  (Zhigarev,  1967),  it  is  a condition  of  the  formation 
of  solifluctlon  that 

2 

where  is  the  long-term  shearing  strength  of  the  ground,  g/cm‘;  <T.  is 
the  long-term  tensile  strength  of  the  sod  cover,  g/cm‘;  T is  the  tan- 
gential stress  in  the  ground,  causing  the  plast  ico-viscous  deformation  of 
the  ground  on  the  slope. 

, 3 

Since  "=  Js’  sinX,  where  i is  the  specific  gravity  of  the  ground,  kg/cm  ; 

is  the  thickness  of  the  thawing  layer  at  the  moment  of  time  under  consid- 
eration, m;  X is  the  steepness  of  the  slope,  then  obviously  it  is  possible 
to  readily  determine  the  minimal  thickness  of  the  thawing  layer  of  ground  on 
the  slope  at  which  solifluction  starts: 

- 'Ty,  q-i  (S.li  !> 

y sin  <i 

In  a frost  survey  determinations  are  made  for  different  sections  of  slopes 
of  the  temperature  regime  (A  and  t)  and  the  depth  of  the  seasonal  thawing  of 
the  ground  (£  ),  and  physical  ( Y and  w)  and  mechanical  ("^  ) properties  of 

the  thawing  ground  and  the  sod  cover  (<r  ^ ).  Then  the  course  of  the  season- 

al thawing  of  the  ground  in  time  is  consBrScted  (by  the  Tumel'  method)  and 
the  moment  of  time  when  the  depth  of  thawing  reaches  i . is  determined.  It 
is  obvious  that  from  that  time  solifluction  starts  on  the  slope. 

For  the  given  concrete  conditions  the  solution  of  the  problem  in  such  a for- 
mulation will  be  as  follows. 

1.  We  determine  the  temperature  regime  on  the  surface  of  the  soil  and  the 
depth  of  seasonal  thawing  on  slopes  with  a steepness  of  10°  at  a moisture 
content  of  the  loams  of  40  and  45%.  According  to  (5.3.10) At  = 21  x 
x 0.259  & 5.4°;  then  sn 

/„  /,  V,.,  A:;i.cr  10.1  5,1  0.5  1,5  . 

A„  -A  .VC1,  \Ar.,,  21  5,4  1.0 


If  we  assume  that  w 


9%  then  in  accordance  with  (4.1.8)  we  find  that 


...  — wi 

a moisture  content  of  40%  Q,  = 30,000  kcal/m  , and  at  a moisture  content 

of  45%  Q.  ^ 35,000  kcal/m3.  MJith  nomograms  (see  Figure  17)  we  find  that 

at  the  initial  data  t = -4.5°,  A = 14.6°,  Q.  * 30,000  kcal/m3  anrt  r = 1 
3 o * o * ■*  ’ 

' - - c - . ‘ - 35,000 


3 u u t 

kcal/(m  )(degree)  we  obtain  j = 1.1  m;  at  the  same  values  but  with  Q.  ■ 
kcal/m3,  j = 0.9  meter.  ^ 


500 


2.  We  calculate  the  minimal  depth  of  thawing  of  loams  with  moisture  contents 
of  40  and  45%  at  which  solifluction  starts  on  slopes  with  a steepness  of  10°. 

a)  w “ 40%,  Ym  V (l  + 0.01  w)  ■ 1.68  g/cm\  f “ 1.7  g/cm~,  <T  = 

2 S K 1 

“ 22  g/cm  , whence  according  to  (8.6.1) 

t — LLrJt — 133  cm., 

~M>"'  l.CS-MnlO* 
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b)  w = 45%,  ^ m 1,74  g/cm  , = 7,5  g/cm*",  C = 22  g/cm",  whence: 

7 2—  97  <Mf. 

",,n  l -j-o.i.t 

The  obtained  data  indicate  that  under  natural  conditions  on  slopes  with  a 

steepness  of  10  solifluction  will  not  occur,  since  ( . > 5 , 

r min 

3.  We  determine  the  temperature  regime  and  depth  of  seasonal  thawing  of  loams 
with  a moisture  content  of  45%  on  slopes  with  southern  and  northern  exposures 
and  a steepness  of  17  . 


On  slopes  with  a southern  exposure: 


\/cll  -10’4 

i,  vCi,  \ Vc,  21 


5.1  0.5  1 

5.-1  1 2.5 


3,5°, 


17, 


o 


At  t^  - -3,5  , A^  “ 17,1  , - 35,000  kcal/m  , C^_  = 500  kca 1/ (m^) (degree ) 

with  a nomogram  (see  Figure  17)  we  find  that  f ~ 1.3  meter. 


On  slopes  with  a northern  exposure  the  conditions  are  similar 
on  gentler  slopes  and  horizontal  sections,  that  is,  t = -4.5° 
/ = 0.9  meter  at  w = 45%. 


to  those  observed 

, A = 14.6°  and 
o 


4.  We  calculate  the  minimal  depth  of  thawing  of  loams  with  a moisture  content 
of  45%  at  which  solifluction  starts  on  slopes  with  a steepness  of  i7°; 


1,7)  ^in  1 7°  I .74-0.292 

Consequently,  on  both  northern  and  southern  slopes  with  a steepness  of  17° 
solifluction  will  develop. 


5.  To  determine  the  time  of  the  start  of  solifluction,  we  determine  the 
course  of  thawing  of  loams  in  time  by  the  Tumel'  method,  having  the  relative 
rate  of  tha  ’ing  of  the  ground  on  the  basis  of  the  data  of  weather  stations. 
If  we  assume  the  maximal  depth  of  thawing,  calculated  at  the  end  of  sunnier, 
to  be  100%,  we  obtain  the  depth  of  thawing  of  loams  with  a moisture  content 
of  45%  on  slopes  with  northern  and  southern  exposures  (Table  76), 


Table  76  Depths  of  thawing  (meters)  on  slopes  with  southern  and  northern 
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0.71 
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1.23 
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0 .09 

0.50 

0 6 

0,55 
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Key:  a - on  slopes  with  a southern  exposure;  b - on  slopes  with  a northern 

exposure 
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Since  the  minimal  depth  of  thawing  of  loams  with  a moisture  content  of  45% 
on  slopes  with  a steepness  of  1 7°  is  0.58  meter,  it  is  obvious  that  on  slopes 
with  a southern  exposure  solifluction  starts  at  the  end  of  the  second  10-day 
period  of  June,  and  on  the  northern  in  the  middle  of  July,  that  is,  more  than 
a month  later. 

In  conclusion  it  can  be  determined  whether  solifluction  starts  on  slopes  with 
a steepness  of  10°  if  the  sod  and  plant  cover  is  removed  in  the  process  of 
economic  opening  up. 

6.  We  determine  how  the  temperature  regime  on  the  surface  of  the  soil  changes 
if  upon  removal  of  the  plant  cover  the  height  of  the  snow  on  the  slopes  de- 
creases to  0.3  meter  (p  = 0.22  g/cirr)  and  the  radiation  corrections  increase 

' o o 

and  jr'  equal'-'  to:  u t = 0.8  and  = 2 

A/w  21  -0.1G-4  3.4°. 

Ia  - 10,4  | 3,4  | 0,8  —6,2*. 

.4,  21  • 3,4  2 19,6°. 


7.  We 
of  45% 
s lopes 
that  £ 


find  the  depth  of  seasonal  thawing 
(Q  = 35,000  kcal/m3,  C = 500 

with  the  plant  cover  removed.  With 
= 1.1  meters. 


of  loams  with  a moisture  content 
kca 1/  (m3) (degree ) on  sections  of 
a nomogram  (Figure  17)  we  find 


8.  We  determine  the  minimal  depth  of  thawing  of  loams  on  slopes  with  a steep- 
ness of  10  with  the  sod  and  plant  cover  removed  at  which  solifluction  can 
start : , 

£ „ 25  cm. 

H 1,710,171 

Consequently,  on  slopes  with  a steepness  of  10°  after  removal  of  the  plant 
cover  solifluction  starts  to  develop  already  from  the  first  half  of  June, 
whereas  undet  natural  conditions  it  was  not  observed  at  all. 


The  considered  regularities  testify  that  very  favorable  conditions  for  the 
development  of  solifluction  are  noted  in  the  Extreme  North  in  frost-tempera- 
ture zones  IV  and  V.  Noted  there  is  a minimal  thickness  of  the  seasonally 
thawing  layer,  a mainly  silty  composition  of  the  surface  deposits  and  a high 
moisture  content  of  the  soils,  often  equal  to  the  absolute  moisture  capacity. 
In  frost-temperature  zone  III  those  conditions  are  less  favorable  and  the 
processes  of  solifluction  are  confined  to  limited  sections.  In  zones  I and 
II  solifluction  phenomena  are  encountered  in  the  form  of  upland  solifluc- 
tional  terraces  and  are  linked  with  the  flow  of  soils  on  sloping  sections 
and  steep  slopes. 


’’Under  natural  conditions  in  the  presence  of  a plant  cover  on  slopes  with  a 
steepness  of  10°  those  corrections  will  ba  negligibly  small. 
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7.  Regularities  of  the  Formation  of  Landslides,  Runoffs,  Mud  Flows,  Mud 
Streams  and  Avalanches 

Moistening  of  the  soil  on  the  surface  of  frozen  rock  masses  on  slopes  can 
reduce  the  strength  of  adhesion  of  the  soil  layer  to  the  frozen  rock  miss 
and  cause  slides  of  extensive  sections  of  the  layer  of  summer  thawing.  At 
times  sliding  of  such  layers,  bearing  a forest  cover,  is  observed  (Tyrtikov, 
1963).  When  the  sliding  layer  has  great  fluidity,  sol  if luct  iona 1 runoffs 
form  with  an  irregular  movement  of  the  mass  of  the  soil. 

At  a still  greater  fluidity  of  the  soil,  usually  in  narrow  valleys  of  moun- 
tainous rivers  and  small  streams,  large  mud  flows  can  form.  Such  mud  flows 
are  especially  large  in  the  valleys  of  mountain  rivers  flowing  from  under 
glaciers,  and  at  times  have  catastrophic  consequences.  Masses  of  immobile 
ice  or  slides  of  rocks  can  dam  up  the  bottom  and  contribute  to  an  accumula- 
tion of  liquefied  soil.  Upon  the  melting  of  the  ice  or  bursting  of  the 
blocking  obstacle  the  liquefied  soil  and  water  carrying  a mass  of  boulders, 
rock  fragments  and  broken  trees  rush  down,  washing  away  everything  in  their 
path.  Such  catastrophic  mud  flows  are  called  mud  streams. 

In  the  mechanism  of  their  development  and  manifestation  some  snow  avalanches 
are  similar  to  mud  streams.  They  are  divided  into  avalanches  of  clean  dry 
snow  and  wet  avalanches,  carrying  large  masses  of  silt,  boulders  and  tree 
fragments.  The  latter  type  of  snow  avalanches  are  of  great  geomorphologica 1 
importance,  as  they  move  considerable  masses  of  material. 

The  physical  conditions  of  the  formation  of  landslides,  runoffs  and  slides 
are  determined  by  the  angle  of  inclination  of  the  slip  planes  and  the  value 
of  the  coefficient  of  friction  or  angle  of  internal  friction  of  the  soils. 
Those  two  conditions  are  determined  for  frozen  misses  by  the  composition  of 
the  rocks,  their  moisture  content  and  cryogenic  textures,  and  also  the  con- 
ditions of  bedding  of  the  frozen  rocks  (their  stratification,  connected  with 
different  lithology  and  moisture  content)  and  the  character  of  the  subsurface 
waters . 

Landslides,  runoffs  and  slides  in  the  area  of  permafrozen  rocks  are  mainly 
confined  to  the  contact  of  thawed  masses  of  soil  with  frozen  ones.  The  slip 
plane  is  usually  the  icy  boundary  of  the  frozen  rock  mass.  The  development 
of  processes  is  noted  during  increase  of  the  thickness  of  the  seasonally 
thawed  layer  on  steeper  sections  of  a slope  and  during  irregular  thawing  of 
frozen  rock  masses  on  steep  sloping  sections,  when  the  thickness  of  thawing 
is  greater  upwards  on  the  slope  than  downwards  on  the  slope.  Especially 
favorable  conditions  are  created  when  during  the  thawing  of  permafrozen  rock 
masses  slip  planes  form  according  to  the  descent  of  the  layers.  In  addition, 
in  the  region  of  permafrozen  rock  masses  the  landslides,  runoffs  and  slides 
are  connected  with  distinctive  features  of  the  moisture  regime  on  the  contact 
of  the  frozen  and  thawed  rocks.  The  underlying  mass  of  frozen  rocks  is  a 
confining  bed  and  therefore  in  the  process  of  summer  or  perennial  thawing 
the  soils  of  the  thawed  layer  on  that  contact  are  greatly  moistened. 


401 


Within  the  limits  of  frost-temp  erature  zone  1 the  landslides,  runoffs  and 
other  slides  are  linked  for  the  most  part  with  perennial  thawing  of  frozen 
rock  masses,  and  so  the  j recesses  spread  to  a greater  depth  and  often  embrace 
larger  masses  of  soil. 

In  more  northern  zones  the  development  of  landslides,  runoffs  and  other  slides 
is  connected  mainly  with  the  seasonal  thawing  of  rocks.  In  frost-temperature 
zones  IV  and  V those  processes  proceed  in  connection  with  thermal  abrasion, 
therma 1 erosion  and  the  thawing  of  thick  ice  bodies  in  uncovered  scarps. 

The  probability  of  the  formation  of  runoffs,  landslides  and  other  slides  is 
determined  by  the  configuration  of  planes  of  contacts  of  the  thawed  part  of 
a mass  with  the  frozen  part  and  is  connected  with  the  character  of  the  soils 
and  their  properties  on  that  contact. 

The  configuration  of  the  plane  of  contact  depends  on  the  dynamics  of  change 
of  frost  conditions.  Especially  sharps  changes  can  exist  in  different  kinds 
of  construction.  The  probability  of  the  formation  and  development  of  those 
processes  must  be  predicted  on  the  basis  of  a general  forecast  of  change  of 
the  frost  conditions  with  consideration  of  the  character  of  the  productive 
opening  up  of  the  territory.  If  calculations  have  established  the  probability 
of  the  formation  of  a slide  or  runoff  of  ground  on  the  slip  plane,  it  is  ad- 
visable to  make  provision  for  measures  to  preserve  the  rocks  in  the  frozen 
state  and  at  the  same  time  prevent  the  development  of  the  process.  Measures 
of  improvement  can  be  calculated  by  determining  the  influence  of  various  fac- 
tors on  the  temperature  regime  and  depth  of  thawing  of  the  frozen  rock  masses 
(see  Chapters  4 and  5). 

8.  The  Development  of  the  Process  of  Differentiation  of  Large-Fragment  Material 

During  the  freezing  of  the  layer  of  summer  thawing,  in  the  region  of  perma- 
frozen  rocks  there  is  a redistribution  of  the  moisture  in  that  layer  on  ac- 
count of  the  formation  of  ice  schlieren  of  segregation  ice.  The  heterogeneity 
of  the  soils  in  the  Layer  of  summer  thawing  leads  to  difference  in  the  inten- 
sity of  its  freezing.  In  the  presence  of  boulder-pebble  and  block  material 
in  alluvial,  proluvial  and  deluvial  deposits  under  boulders,  blocks  and  rock 
debris  the  freezing  sets  in  earLier  than  on  neighboring  sections,  and  there- 
fore large  ice  lenses  form  under  them.  This  in  turn  causes  bulging  of  the 
rock  material  by  the  amount  of  the  ice  schlieren.  In  the  summer  period  the 
ice  lenses  and  schlieren  thaw,  but  the  elevated  bounders  and  rock  debris  do 
not  return  to  their  previous  position  when  they  settle,  but  rema in  elevated 
by  several  millimeters  as  compared  with  the  position  of  the  previous  year  as 
a result  of  the  flow  of  rock  particles  with  the  water  into  the  formed  space. 
During  freezing  in  the  course  of  a number  of  years  the  rock  miterial  of  the 
layer  of  seasonal  thawing  bulged  completely  out  on  the  surface.  The  length 
of  that  process  can  be  estimated  as  several  tens  (or  even  hundreds)  of  years, 
taking  into  consideration  that  the  yearly  bulging  can  reach  several  milli- 
meters, and  sometimes  centimeters. 

The  process  of  differentiation  of  large  fragment  material  can  proceed  in 
parallel  with  the  process  of  formation  of  slope  deposits.  In  that  case  frost 
differentiation  of  the  deposits  on  slopes  proceeds  syngenet ica 1 ly . 
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Near  the  southern  boundary  of  the  region  in  which  permafrozen  rocks  are  pre- 
valent the  thickness  of  the  layer  of  summer  thawing  reaches  very  large  values. 
The  freezing  of  the  layer  of  thawing  in  that  case  proceeds  only  upwards  and 
therefore  ice  lenses  form  under  the  lower  surface  of  the  boulders  and  block 
material,  which  leads  to  their  intense  bulging.  The  thickness  of  the  ice 
schlieren  and  lenses  forming  as  a result  of  moisture  migration  toward  the 
front  of  freezing  in  the  presence  of  water  above  the  frost  increases  with 
depth.  This  is  connected  with  deceleration  of  advance  of  the  front  of  freez- 
ing deep  into  the  freezing  layer.  By  virtue  of  that  the  process  of  bulging 
of  rock  material  in  southern  regions  embraces  the  entire  thickness  of  the 
layer  of  summer  thawing.  In  northern  regions  where  the  thickness  of  that 
layer  is  extremely  small  and  where  30-50%  of  the  thickness  of  the  thawing 
layer  freezes  from  the  bottom,  the  intensity  of  bulging  of  the  rock  material 
becomes  far  smaller  and  embraces  mainly  the  upper  part  of  the  layer. 
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Chapter  9.  Solution  of  Some  Geocryological  Problems  of  Heat  and  Mass  Transfer 

The  theoretical  principles  of  heat  and  muss  transfer  in  frozen  rocks,  presented 
in  Chapter  3,  make  it  possible  to  pose  and  solve  a number  of  special  questions 
of  great  practical  importance.  In  particular,  in  examining  the  formation  of 
seasonally  and  perennial  frozen  rocks,  of  basic  importance  is  the  examination 
of  periodic  temperature  fluctuations  on  the  surface,  the  character  of  the 
change  of  the  temperature  field  and  the  dynamics  of  the  processes  of  freezing 
with  consideration  of  phase  transitions  under  the  conditions  of  a multifront 
problem.  Section  1 of  this  chapter  is  devoted  to  an  examination  of  a complex 
of  those  questions.  Evaluation  of  the  influence  of  phase  transformations  in 
the  range  of  negative  temperatures  is  of  great  importance  in  studying  the  pro- 
cess of  freezing  of  rocks  in  both  the  seasonal  and  the  perennial  cycles.  Sec- 
tion 2 is  devoted  to  this.  The  application  of  calculating  methods  in  consid- 
ering moisture  migration  in  the  process  of  freezing  is  examined  in  section  3. 
These  questions  qunat itat ively  determine  not  only  the  course  of  the  process 
of  freezing  but  also  the  formation  of  cryogenic  textures  of  seasonally  and 
perennially  frozen  rocks,  and  also  their  heaving.  Given  in  section  A is  a 
formulation  of  the  problem  of  thawing  of  coarsely  dispersed  rocks  with  con- 
sideration of  the  infiltration  of  summer  precipitations  and  its  digital  com- 
puter solution  under  concrete  conditions.  The  concluding  section  of  this 
chapter  consists  of  examples  of  the  solution  of  concrete  problems  connected 
with  the  freezing  and  thawing  of  rocks  which  are  of  great  importance  in  the 
solution  of  some  practical  questions  of  frost  prediction. 

1.  Solution  of  the  Problem  of  the  Temperature  Regime  in  a Homogeneous  Medium 
With  a periodically  Varying  Phase  State  of  the  Water 

One  of  the  most  important  practical  applications  of  the  problem  of  determin- 
ing the  temperature  field  and  the  rate  of  advance  of  the  Interfaces  in  a 
multizone  medium*  (the  Stefan  problem)  is  the  case  of  periodic  change  of  the 
phase  state  of  the  water  in  separate  layers  of  rock,  connected  with  change  of 
the  boundary  conditions.  As  a rule,  a triple-layer  medium  forms  in  that  case. 
Typical  examples  are  the  seasonal  freezing  and  subsequent  thawing  of  moist 
ground,  the  formation  and  development  of  permafrozen  rocks,  etc.  The  scheme 


*Here  and  henceforth  by  zones  are  understood  layers  of  ground  in  the  thawed 
and  the  frozen  states. 
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of  the  process  under  consideration  in  a very  simple  case  is  as  follows:  At 

the  initial  moment  a homogeneous  medium  is  in  a single-zone  thawed  (frozen) 
state.  From  the  moment  of  sign  inversion  of  the  temperature  on  the  surface 
a new  zone  forms  which  develops  until  the  moment  of  the  subsequent  sign  in- 
version on  the  surface  (a  triple-layer  medium).  When  the  two  mobile  inter- 
faces merge,  a single-layer  medium  again  forms,  etc.  A solution  of  such  a 
multifront  problem  is  readily  found  by  reducing  the  Stefan  problem  to  a sys- 
tem of  ordinary  differential  equations  (Chapter  3,  section  13).  Presented 
as  an  example  on  Figure  127  are  the  results  of  calculation  of  the  temperature 
regime  of  a layer  of  ground  with  a depth  of  up  to  12  meters  in  the  course  of 
a year  at  the  surface  temperature: 

-l\,u)  -V  m r x- 

where  t = +3  and  +12°,  T = 8760  hours.  In  that  case  it  is  assumed  that 

A = A = 1.07  kca 1/ (m) (degree ) (hr ) , Q.  = 23,680  kca  1/m  and  = t>2  ^ = 
t r _3  7 / t f 

= 2.14  x 10  m^/hr.  Let  us  note  that,  as  is  evident  on  Figure  127,  thawing 

from  below  becomes  noticeable  in  practice  at  ground  temperatures  not  lower 

than  +5°. 


Figure  127.  Dynamics  of  the  fronts 
of  freezing  aid  thawing  in  time  at 
different  average  surface  tempera- 
tures: 1 - +3,  2 - +7,  3 - +12°C; 

A,  B and  C are  the  single-,  double- 
and  triple-layered  media  respec- 
t ively. 


Figure  128.  Course  of  the  variation  of 
heat  flows  at  different  depths  in  the 
course  of  the  annual  cycle  at  t * 3 , 

A = 24°:  1 - z =■  0 m,  Q = 62,300  kcal/ 

2 2 
m ; 2 - z - 0.2  m,  0 * 57,800  kcal/m  ; 

3 - z - 0.5  m,  Q - 48,600  kcal/m";  4 - 
(heavy  line)  - z = 2 m,  Q = 8700  kcal/ 
m ; A and  B are  the  single  and  triple- 
layered media  respectively,  a - q(T), 
kcal/(m^)(hr)  b - f,  hrs 


The  indicated  method  of  solving  a multifront  Stefan  problem  permits  simultane- 
ously investigating  heat  flows  in  the  ground  and  also  calculating  the  heat 
cycles  of  the  soil  during  a given  course  of  temperature  variation  in  time  on 
its  surface  during  any  time  interval.  In  that  case  the  input  and  output  parts 
of  the  heat  cycles  are  calculated  separately  (that  is,  the  summary  value  of 
the  heat  cycles  with  one  and  the  same  sign)  during  an  entire  cycle  or  part  of 
it.  These  characteristics  can  be  calculated  both  for  the  surface  of  the  soil 
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and  for  any  given  depth.  The  results  of  calculation  of  the  curves  of  varia- 
tion of  heat  fluxes  q in  the  time  T and  the  corresponding  values  of  the  heat 
cycles  in  the  annual  cycle  Q at  different  depths  are  presented  in  Figures 
128-130.  During  transition  of  the  zone  interfaces  through  the  point  where 
the  heat  fluxes  are  maasured  the  latter  undergo  sharp  changes*.  The  maximal 
error  in  the  calculation  of  heat  cycles  does  not  exceed  1%. 


Figure  129.  Course  of  the  variation 
of  heat  fluxes  at  different  depths 
in  the  course  of  the  annual  cycle  at 
t ■ - 7°  and  A *24°:  1 - z = 0 m, 
Qm=*  61,200  kcaT/m;  2 - z = 0.2  m, 

Q = 55,600  kcal/m";  3 - z - 0.5  m, 

Q - 46,200  kcal/m^;  4-z=5m,  Q= 
3800  kcal/m";  A and  B are  the  single- 
and  triple-layered  madia,  a - q(f), 
kcal/(m~)(hr)  b - 1",  hrs 
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Figure  130.  Course  of  the  variation 
of  heat  fluxes  at  different  depths 
in  the  course  of  the  annual  cycle  at 
t = -12°  and  A = 24°:  1 - z = 0 m, 

Q = 56,500  kcal/m^;  2 - z * 0.2  m, 

Q = 51,000  kcal/m“;  3 - z = 0.5  m, 

Q - 41,700  kca  1/m  , 4 - z «=  5m,  Q = 

4700  kca 1/m";  B and  C are  the  single- 

and  triple-layered  media,  a and  b as 
for  Figure  129. 


At  different  values  of  t the  rate  of  change  of  <j)  (IT)  and  the  value  of  the 
heat  flow  to  the  surface  at  the  moment  of  sign  inversion  (J>  ("£)  are  different 

and  this  leads  to  a different  value  of  the  jumps.  The  formation  of  a triple- 
layered medium  leads  to  a discontinuity  of  the  curves  of  the  heat  fluxes  at 
the  points  of  the  internal  zone  at  which  the  temperature  starts  to  decrease, 
approaching  a zero  gradientless  distribution. 

As  in  the  absence  of  phase  transitions,  in  the  case  under  consideration  of  a 
multizone  medium  at  different  thermophysical  characteristics  in  the  frozen 
and  thawed  states,  the  heat  input  into  any  section  during  a cycle  in  a period 
ically  established  regime  is  equal  to  the  output. 

The  proposed  numerical  method  can  also  be  used  in  the  case  where,  besides  the 
temperature  variation  on  the  surface  of  the  soil,  in  the  course  of  the  year 
there  is  a variation  in  the  average  annual  temperatures  of  the  ground  from 
year  to  year.  In  that  case  the  input  part  of  the  heat  balance  of  the  soil 
will  not  be  equal  to  the  output  part.  Their  difference  gives  the  amount  of 


*This  is  very  clearly  manifested  during  formation  of  a new  zone. 


407 


heat  in  calories  accumu lated  by  the  rock  mass  if  it  is  heated  in  a perennial 
cycle  or  lost  by  it  in  a cooling  cycle.  Thus  it  is  possible  to  calculate  in 
calories  the  heat  balance  of  the  soil  both  during  degradation  of  pernufrozen 
rock  masses  and  during  their  aggradation.  The  problem  of  perennial  freezing 
(thawing)  is  calculated  similarly,  it  is  characteristic  here  that  on  the 
lower  boundary  of  the  region  of  investigations  in  that  case  it  is  necessary 
to  give  the  geotherma 1 gradient,  which  plays  an  enormous  role.  Presented 
on  Figures  131-133  are  calculations  of  the  dynamics  of  the  depth  of  freezing 
of  the  rocks  and  the  heat  cycles  in  timo  during  perennial  freezing  (with  a 
period  of  100,000  years)  with  an  amplitude  of  6 and  an  average  annual  tem- 
perature  of  4 ”,  with  different  values  of  the  geothermal  gradient  (g)  at 
A”  0.^9  kca 1/ (m) (hr  ) (degree ) , C = 500  kca 1/ (m  ) (degree)  and  Q = 23,680 
kca 1/m  , obtained  during  two  complete  cycles.  Presented  in  the  same  places 
are  the  values  of  the  input  (i-  “)  and  output  (i-  ) components  of  the  heat 

cycles  through  the  surface  during  the  entire  cycile. 


Figure  131.  Dynamics  of  the  depth  of 
freezing  (thawing)  $ (l)  and  the  heat 
fluxes  on  the  surface  of  the  ground 
during  perennial  freezing  (g  = 0.01 
degree/m;  L " ~ L + ~ 4,840,000  kca  1/ 
m ) a^as  on^Figure  129 


] r), 


Figure  132.  Dynamics  of  the  depth  of 
freezing  (thawing)  | (r)  and  the  heat 
f luxes  on  the  surface  of  the  ground 
during  perennial  freezing  (g  = 0.02 
degree/m,  z.  ' ^ z + t 4,287,000  kcal/ 
m2  ) a<'as  on^Figure  12  9 


Figure  133.  Dynamics  of  the  depth  of 
freezing  (thawing)  |(T)and  the  heat 
fluxes  on  the  surface  of  the  ground 
(g  = 0.03  degree/m,  L " = 3,846,500 
and  L + = 3,096,100  k8al/m2)  a as 
on  Figure  129 
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It  is  evident  from  the  data  of  Figures  131-133  that  at  small  values  of  g 
the  heat  balance  after  two  cycles  is  fulfilled  within  the  limits  of  the  pre- 
cision of  the  calculations.  The  difference  between  the  input  and  output  com- 
ponents of  the  heat  cycles  during  considerable  geothermal  gradients  is  con- 
nected with  the  fact  that  the  time  of  achievement  of  a periodically  steady 
regime  is  in  that  case  rather  large. 

1.  Numerical  Calculation  of  Heat  Cycles  in  Soils  With  Phase  Transitions  of 
Water  as  a Criterion  for  Determination  of  the  Temperature  Shift 

The  input  and  output  parts  of  the  heat  balance  during  a complete  cycle  T at 
an  arbitrary  depth  within  the  layer  of  annual  fluctuations  are  calculated 
in  the  form 

ti  r 

\ q(zk,  x)di  u \ q (:k,  x)dx, 
n i. 

where  TT  and  T are  the  roots  of  the  equation  q(z^,  "t”)  “ 0.  It  is  obvious 

that  in  the  case  of  a periodically  steady  temperature  regime  the  output  part 
of  the  heat  cycles  must  be  equal  to  the  input  part,  and  the  heat  balance  in 
any  section  must  be  equal  to  zero.  Both  theoretically  and  under  natural  con- 
ditions, in  cases  where  the  thermophysical  characteristics  of  the  medium  in 
the  presence  of  phase  transformations  of  water  are  practically  unchanged, 
such  a situation  is  encountered  only  in  the  presence  of  equality  of  the  aver- 
age annual  temperature  on  the  surface  of  the  soil  (t  ) and  at  the  depth  of 
the  base  of  the  layer  of  annual  temperature  fluctuations  (t^)*. 

In  the  presence  of  inequality  of  the  thermophysical  characteristics  during 
phase  transitions,  and  primarily  at  f the  average  annual  temperature 
on  the  surface  of  the  soil  t in  a periodically  steady  regime  will  be  dif- 
ferent from  the  average  annual  temperature  of  the  ground  at  the  base  of  the 
layer  of  seasonal  freezing  (thawing),  and  in  the  absence  of  a gradient  in  the 
layer  of  annual  temperature  fluctuations  (H)  --  at  the  base  of  that  layer  by 
the  valu>  of  the  so-called  temperature  shift  At^  (fit^  - t - t ) (section  2, 
Chapter  5).  The  sign  of  the  shift  is  determined  by  the  value  of  the  ratio 
At/Af , namely 

sgnA/x  sgn  f -J'T- - I ) . t.  e.  '\lK>0  npn  A->|, 

\tk<0  mm  -i-<  1. 

In  addition,  in  the  case  of  freezing  of  the  ground  (t  > 0)  the  shift  at 
A > 1 is  greater  than  in  the  similar  case  during  Bhawing.  This  divergence 
in  shifts,  as  well  as  the  value  of  the  shifts  themselves,  increases  with  in- 
crease of  the  heat  expended  on  the  phase  transformations  of  water.  Therefore 
in  calculations  of  heat  cycles  in  the  ground  it  is  necessary  to  take  into  con- 
sideration the  amount  of  the  shift  in  designating  the  lower  boundary  condition. 

*ln  concrete  calculations  the  latter,  as  a rule,  is  taken  to  be  the  lower 

boundary  condition  (t  • t ■ constant). 

O H 
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Finding  the  amount  of  the  shift  in  a problem  with  mobile  interfaces  analyti- 
cally encounters  a number  of  ma themnt ica 1 difficulties  and  in  practice  has 
not  been  worked  out.  There  is  only  an  approximate  formula  proposed  by  V.  A. 
Kudryavtsev  (see  section  1,  Chapter  4,  and  section  2,  Chapter  5).  At  the  same 
time  the  calculation  of  heat  fluxes  in  different  sections  in  the  upper  layers 
of  the  lithosphere  in  the  course  of  a complete  cycle  makes  it  possible  to  de- 
termine with  adequate  precision  the  value  of  it u This  is  achieved  by  the 
fact  that  when  the  value  of  At^  has  been  incorrectly  selected  the  input  and 
output  parts  of  the  heat  cycles  in  any  section  during  a year  (positive  and 
negative  components ) will  not  coincide.  When  the  value  of  At\  is  reduced  (the 
soil  temperature  at  the  depth  of  the  annual  zero  amplitudes  has  been  over- 
stated) the  heat  input  in  sections  within  the  layer  of  freezing  (thawing)  is 
greater  than  the  output,  and  below  the  active  layer  is  smaller,  but  if  zit^ 
has  been  overstated,  the  reverse  regularity  will  be  noted.  On  the  basis 
of  that  position  it  is  possible  to  propose  a procedure  for  calculating  the 
temperature  shift  by  successive  appr roc  inut ions.  Having  obtained  the  heat 
cycles  at  an  arbitrarily  taken  value  of  t[f,  it  is  necessary,  depending  on  the 
value  and  sign  of  the  inbalance,  in  various  sections  to  vary  t^  before  estab- 
lishing (with  the  prescribed  precision)  equality  of  input  and  output  of  heat 
in  them*. 

The  difference  between  t^  and  t in  that  case  will  ba  equal  to  the  temperature 
shift  in  the  given  concrete  case. 

In  accordance  with  the  indicated  procedure  a number  of  calculations  have  been 
made  of  heat  cycles  in  a layer  of  ground  with  the  depth  1 = 12.05  meters  in 
the  sections  z = 0,  0,2,  0.5  and  5.0,  as  a result  of  compilation  of  wnich  the 
amount  of  the  shi^t  was  determined  under  the  following  conditions:  <x ^ = 

■ 2,14  x 10“-*,  = 1,38  x 10"3  m^/hr,  V = 1.07,  V = 0,69  kca  1/ (m) (hr ) 

(degree),  Q,  = 23,680  keal/m  6 ( f)  * t - 7.5  sin  ~r~C  and  T = 8760  hours. 
f ' o o 1 

Presented  on  Figures  134  and  135  are  curves  of  the  change  of  heat  fluxes  in 

the  course  of  ime  in  the  indicated  sections,  the  course  of  the  interfaces 

$ L (T)  and  ^2^)  (the  number  of  zones  varies  from  1 to  3)  and  graphs  of  <J>^(t) 

at  t “ +3°.  As  a result  of  the  calculations  the  following  values  of  dt^  were 
determined: 

npn  /„  3°A/jl  0,75 1 (/«  2,25), 

ripn  /„  —3  A ty  0,45’  (t/i  3,45). 

The  values  of  the  input  and  output  parts  of  the  heat  cycles  in  the  sections 
under  consideration  obtained  at  the  found  values  of  At^  are  presented  in 
Table  77.  Presented  there  are  the  results  of  calculation  of  the  heat  cycles 
at  an  incorrectly  selected  value  of  At^,  when  at  t =3°  At_\  was  originally 
assumed  to  be  equal  to  the  shift  at  t - -3  , that  is,  was  understated  (0.45 
instead  of  0.75). 


*The  course  of  the  Interfaces  changes  insignificantly  in  that  case. 
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Figure  134.  Course  of  freezing  and  Figure  135.  Course  of  freezing  and 

thawing  and  the  dynamics  of  the  thawing  and  the  dynamics  of  the  haat 

heat  fluxes  at  different  depths  at  fluxes  at  different  depths  at 

a - q (f)  , kca  l/(m2)  (hr)  a - q("C)  , kcal/(m“)(hr) 

Table  77  Results  of  calculations  of  heat  cycles  at  different  depths  at 
different  values  of 


A 

r.iyfiHMj. 

u 

B 

Ten.noo6o- 

pOTh*. 

kkuaI ** 

u 

- 0.45" 

f0-r\  t0  . 

0.4  V 0.75’ 

0 

- 27  404 

— 27  542  — 26  726 

0.2 

— 19  964 

— 22  601  21396 

0,5 

pacxoa 

— 10  962 

- 14  079  13  279 

5.0 

- 128 

— 784  -591 

0 

b 

27  507 

30  153  26  908 

0.2 

20  090 

24  725  21  504 

0.5 

npnvoj 

10914 

16  303  13  190 

5,0 

130 

667  605 

2 

Key:  A - Depth,  meters  B - Heat  cycles,  kcal/m  a - output  b - input 

It  follows  from  Table  77  that  the  balance  of  heat  during  a cycle  depends  sharply 
on  the  amount  of  the  temperature  shift.  Quite  analogously  the  value  of  At^  is 
found  in  the  case  of  boundary  conditions  of  the  second  kind  on  any  of  the  boun- 
daries of  the  layer  of  annual  fluctuations. 
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2.  Investigation  of  the  Dynamics  of  the  Temperature  Field  in  the  Upper 
Layers  of  the  Lithosphere  With  Consideration  of  Early-period  Fluctu- 
ations of  the  Temperature  of  the  Surface 

One  of  the  cardinal  questions  of  geocryology  is  the  investigation  of  the  dy- 
namics of  the  temperature  field  in  the  upper  layers  of  the  lithosphere,  which 
forms  as  a result  of  the  mutual  superpos it  ion  of  several  temperature  oscil- 
lations of  different  period  on  the  surface.  However,  the  solution  of  that 
problem  up  to  now  has  been  accomplished  extremely  approximately.  This  is  pri- 
marily connected  with  the  fact  that  the  examination  of  the  problem  involves 
solution  of  the  problem  under  a superficial  boundary  condition  which  varies 
according  to  a complex  law  in  the  course  of  long  intervals.  In  addition,  in 
the  given  case  the  problem  is  known  to  be  a multifront  one,  as  the  number  of 
mobile  boundaries  within  the  limits  of  the  largest  of  the  periods  of  tempera- 
ture oscillation  on  the  surface  varies  from  0 to  3 or  more.  Since  the  dif- 
ference between  the  periods  of  the  oscillations  is  rather  large,  in  the  course 
of  the  process  there  systematically  occurs  the  formation  of  a zone  with  a sur- 
face and  the  degeneration  of  one  or  several  zones  into  a point.  Finally,  in 
the  case  under  consideration,  considering  the  length  of  the  process,  the  re- 
gion of  investigation  also  must  be  rather  large  (of  the  order  of  Z L , where 

s = l s 

1 is  the  depth  of  propagation  of  the  s-th  oscillation  of  temperature  on  the 
surface,  which  is  found  with  consideration  of  the  corresponding  amplitude  and 
period  of  oscillations,  analogously  to  the  depth  of  the  "zero"  annual  ampli- 
tudes with  a reserve  from  the  well-known  Fourier  solution  (3.3.4),  and  N is 
the  number  of  vibrations).  Therefore  on  the  lower  boundary  of  the  region  of 
investigation  it  is  necessary  to  give  a boundary  condition  of  the  second  type, 
determined  by  the  value  of  the  geothermal  gradient. 

Everything  said  above  has  the  result  that  the  use  of  known  difference  methods 
of  solving  Stefan  problems  in  the  investigation  of  the  problem  under  consid- 
eration is  nwde  difficult. 

At  the  same  time,  for  numerous  cases  where  the  heterogeneity  of  the  medium 
within  the  limits  of  the  region  of  investigation  can  be  neglected,  the  solu- 
tion of  the  problem  of  the  dynamics  of  the  temperature  field  in  the  upper 
layers  of  the  lithosphere  can  be  rather  simply  and  effectively  found  by  the 
method  of  reducing  the  Stefan  problem  to  a system  of  ordinary  differential 
equations.  Let  at  the  initial  moment  (T  = 0)  the  medium  be  in  the  thawed 
(frozen)  state,  that  is,  single-phase.  Then  the  change  of  the  phase  state 
can  be  presented  schematically  in  the  following  form  (for  simplicity  we  will 
limit  ourselves  to  a 5-front  problem)  (Figure  136).  There  the  figures  in- 
dicate the  number  of  zones,  and  cases  the  probability  of  the  formation  of 
which  is  low  are  marked  with  an  asterisk. 


Figure  136.  Schematic  diagram 
of  the  change  of  the  number  of 
zones  during  perennial  freezing 
and  thawing. 
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As  an  illustration  we  will  examine  the  dynamics  of  the  temperature  field  at 

il>.  (tl  2 20  mu  " ’ t -f  'J'in  - " ' r < 2 sin  - t. 

J r ii7'  40  r 

where  T is  the  period  of  annual  oscillations  (8760  hours).  The  selection  of 
the  indicated  harmonics  (annual,  11-  and  40-year  oscillations)  and  their  am- 
plitudes was  determined  with  the  data  of  regime  observations  in  the  Skovoro- 
dino  borehole.  On  the  lower  boundary  of  the  region  of  investigation  (1  = 200 
meters)  is  given  the  heat  flux  corresponding  to  different  values  of  the  geo- 
thermal gradient  g. 

Adopted  in  the  calculations  were  the  following  values  of  the  thermophysical 
characteristics:  = At  = 1 kcal/(m)(hr)(degree),  = 500  kcal/(m-^) 

(degree)  and  Q.  = 25,000  kcal/m\ 

f 

The  results  of  numerical  integration  of  the  problem  under  consideration  within 
the  limits  of  half  the  largest  of  the  periods  (40  years)  are  presented  in  Fig- 
ures 137  and  138.  If  the  oscillations  coincide  in  phase  (in  that  case  the 
change  of  the  average  annual  temperature  on  the  surface  t*('C)  in  time  is  writ- 
ten in  the  form: 


the  calculations  were  made  at  a geothermal  gradient  of  0.03  degree/m.  However, 
in  the  case  where  the  perennial  oscillations  are  in  counterphase  with  the  an- 
nual, that  is,  .. 

2 -2  mo -“--I  2 -.in  - r, 

nr  40  r 

the  examination  was  conducted  at  different  values  of  the  geothermal  gradient 
(g  = 0.01  and  0,03  degree/m). 

Figure  138  presents  the  corresponding  diagrams  of  t*(T)  within  the  limits  of 
the  time  interval  under  consideration.  As  follows  from  an  examination  of 
Figure  138,  when  the  oscillations  coincide  in  phase,  within  the  next  20  years 
t*(T),  while  va.-ying  on  account  of  perennial  oscillations,  remains  positive. 

In  that  case  it  was  assumed  that  /*  = and,  consequently,  the  number  of 

zones  does  not  exceed  3.  The  dependence  of  the  maximal  depth  of  freezing  on 
time  reflects  completely  the  dynamics  of  change  of  t*(”C).  As  follows  from 
Figure  138,  under  the  given  conditions  the  formation  of  a frozen  layer  (inter- 
gelisol)  will  set  in  not  earlier  than  the  28th  year.  It  is  obvious  that  if 
a temperature  shift  occurs,  then  by  at  least  the  20th  year  the  formation  of 
an  intergelisol  of  small  thickness  will  occur,  the  time  of  existence  of  which 
will  be  short. 

However,  if  the  perennial  oscillations  are  in  counterphase  with  the  annual, 
t*(t)  within  the  limits  of  the  time  interval  under  consideration  undergoes 
sign  inversion  4 times.  However,  the  formation  and  length  of  existence  of 
the  intergel isols  in  that  case  depends  sharply  on  the  value  of  the  geothermal 
gradient.  Thus,  at  a maximal  value  of  g (0,03  degree/m),  in  spite  of  the 
negative  sign  of  t*(T"),  in  the  interval  from  1.5  to  5 years  the  formation  of 
permafrost  does  not  set  in.  In  that  case  the  depth  of  freezing  reaches  2.15 
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Figure  137.  Change  of  the  depth  of  freezing  (thawing)  in  time: 
a - in  a period  of  1-10  years;  b - 11-20  years  1 - years 
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Figure  138.  Change  of  the  average  annual  temperature  of  the 
surface  of  the  ground  In  time:  1 - T",  years 
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m.  The  seasonal  freezing  is  replaced  by  seasonal  thawing  only  during  the 
subsequent  establishment  of  negative  values  of  t*(  T ) (11-15.8  years);  an 
intergelisol  with  a thickness  of  12  cm  forms  in  the  14th  year  and  disappears 
after  2.5  years.  The  total  thickness  of  the  frozen  ground  in  the  given  cases 
varies  from  1.68  (20th  year)  to  2.29  m (15th  year).  However,  if  the  geother- 
mal gradient  is  0.01  degree/m,  the  formation  of  intergel isols  occurs  during 
both  the  first  and  third  sign  inversions  of  t*(T).  The  values  of  the  inter- 
gel isols  corresponding  to  that  reach  10  and  22  cm,  and  the  thickness  of  the 
frozen  ground  is  2.2  and  2.38  m.  The  delay  in  the  formation  and  disappear- 
ance of  intergel isols  in  comparison  with  the  corresponding  moment  of  inver- 
sion of  t*(T)  reaches  1.5-2  years,  that  is,  during  decrease  of  che  value  of 
g the  length  of  existence  of  the  permafrozen  layer  increases  by  1.5  years. 

The  minimal  depth  of  freezing  in  the  first  17  years  reaches  1.94  m in  the  8th 
year  at  g = 0.01  degree/m. 

Thu  , in  spite  of  the  fact  that,  during  change  of  the  geothermal  gradient  in 
rather  broad  limits  the  total  depth  of  the  ground  frozen  in  the  course  of  20 
years  differs  insignificantly,  from  the  qualitative  point  of  view  the  picture 
changes  sharply.  Increase  of  g leads  to  a considerable  decrease  of  the  length 
of  existence  of  interge 1 isols . Finally,  if  at  small  values  of  the  geothermal 
gradient  negative  temperatures  on  the  surface,  as  a rule,  lead  to  the  forma- 
tion of  intergel  isols,  at  a normal  geothermal  gradient  the  formation  of  perma- 
frozen ground  occurs  only  in  cases  where  the  sum  of  the  fr^st-degree-hours 
determined  on  the  basis  of  t*(r)j  is  at  least  30-35  x 10  degree-hours.  it 
is  obvious  that  in  the  presence  of  a temperature  shift  everything  said  above 
must  be  corrected  in  an  appropriate  manner. 

2.  Investigation  of  the  Processes  of  Freezing  and  Thawing  of  Rocks  With 
Consideration  of  Phase  Transitions  of  Unfrozen  Water  By  Means  of  a 
Si  If -model ing  Solution 

1.  Freezing  (Thawing)  of  Porous  Bodies  With  Consideration  of  the  Curve  of 
Unfrozen  Water  in  a Self-model ing  Case  (the  Classical  Stefan  Problem) 

At  the  present  time  a solution  of  the  problem  of  the  freezing  of  porous  bodies 
in  the  range  of  negative  temperature  during  arbitrary  boundary  conditions  is 
possible  only  by  one  of  the  difference  methods  of  solving  a quasi-linear  Stefan 
problem.  Of  great  interest  in  that  connection  is  the  determination  by  means 
of  a self -modeling  solution  of  some  general  regularities  of  the  influence  of 
thi  ice-content  curve  on  the  process  of  freezing  in  order  to  use  them  subse- 
quently In  correcting  the  results  of  corresponding  calculations  in  the  gener- 
ally useful  classical  Stefan  formulation  (section  7,  Chapter  3. 

For  .i  quantitative  estimate  of  the  influence  of  phase  transitions  of  water  on 
thi  course  of  freezing  and  thawing  a number  of  calculations  of  the  freezing 
of  real  soils  --  loam  and  sand  (their  thermophysical  properties  in  the  thawed 
and  frozen  states,  and  also  the  effective  heat  capacity  C , are  presented 
in  Table  78)  were  made  by  means  of  a se If -model ing  solution  on  a continuously 
acting  IPT -5  computer  installed  in  the  Department  of  Geocryology  of  MSU  and 
also  a "Strela"  digital  computer  of  the  MSU  Computer  Center. 
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1 ibi,  78  i ' ermophys  ica 1 characteristics  of  loam  and  sand  adopted  in 
ca leu la t ions 
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calcul.  tin  were  made  at  different  surface  temperatures  T and  initial 

t • mporatur*  s of  the  medium  1 ^ both  v.ith  consideration  of  the  ice-formation 

curvi  and  in  the  Stefan  formulation.  In  the  latter  case  it  was  assumed  that 

if  the  t mperature  T > 0 is  given  on  the  surface  then  the  quantity  of  heat 

t phase  transitions  at  any  values  t • 0 corresponds  to  the  ice-formation 

carve  at  the  temperature  t = T . 

o 


f he  influence  of  the  curve  of  ice  formation  on  the  depth  of  freezing  can  be 
timated  by  comparing  the  values  of  tk  , which  determine  the  position  of  the 
zero  isotherm  in  time  (section  8,  Chapter  3),  obtained  in  the  two  cases  under 
c ns  idera  t ion. 


I he  results  of  calculation  of  those  values  of  K as  a function  of  T ^ at  dif- 
L rent  values  of  T are  represented  by  the  solid  and  broken  lines  respectively 
n Figure  139  for  the  case  of  loam  (heavy  line)  and  sand  (light  line).  As 
t llows  from  an  examination  of  them,  in  the  case  of  calculation  of  the  curve 
f ice  formation  the  process  of  freezing  proceeds  more  intensively  than  in 
the  ordinary  Stefan  formulation.  Maximal  divergence  occurs  at  the  zero  ini- 
■ in  1 temperature  of  the  medium  and  gradually  decreases  during  its  increase. 

\ s follows  from  Figure  139,  at  I = -5  the  maximal  divergence  for  loam  is 

13. 5/,  whereas  it  is  only  3.1%  for  sand.  In  that  case  the  reduction  of  the 
7 o 

temperature  on  the  surface  from  -0.5  to  -5  affects  greatly  the  increase  of 

divergence,  as  it  continues  to  increase  at  T < -5  , whereas  in  the  case  of 

and  the  maximum  of  divergence  is  weakly  expressed  and  at  T < -1  (outside 

he  region  of  substantial  phase  transitions)  the  divergence  gradually  decreases. 

ihus,  as  follows  from  the  results  of  calculations,  for  sandy  soils  in  prac- 
ice  one  can  neglect  calculation  of  the  formation  of  the  freezing  zone.  How- 
ver , when  the  phase  transitions  of  water  occur  in  the  range  of  temperatures , 

' hat  is,  the  effective  heat  capacity  decreases  gradually  during  a temperature 
eduction  (finely  dispersed  soils),  during  calculations  in  the  Stefan  formu- 
lation the  depth  of  freezing  will  be  considerably  understated,  especially  at 
verage  annual  temperatur es  of  the  medium  near  0 . 
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Figure  139.  Results  of  calculation  of 
the  value  of  t)C  as  a function  of  the 
ground  temperature  T at  different  tem- 
peratures on  the  surface  T in  calcu- 
lation of  the  zone  of  freezing  (solid 
line)  and  front  formation  (broken  line) 
for  (a)  sand  and  (b)  loam:  1 --  T = 

-5°,  2 --  T = -2.5°,  3 --  T = -1°, 

o ’o’ 

4 --  T = -0.5°.  a --  hrs 

o 


However,  also  in  that  case  at  small  values  of  T (above  -2  ) and  at  rather 
high  values  of  (above  5-10")  the  influence  of  the  zone  of  freezing  will 
be  small  --  less  than  5%. 

2.  The  Influence  of  Consideration  of  the  Ice  formation  Curve  on  the 
Thawing  of  the  Ground 

Investigations  of  the  phase  transitions  of  /ater  during  the  thawing  of  rocks 
are  conducted  analogously. 

Figure  140  presents  the  results  of  calculations  of  the  values  of  « determin- 
ing the  course  of  thawing  under  different  boundary  conditions  (T  and  T^)  for 
two  types  of  ground  --  loam  and  sand.  Presented  in  the  same  place  are  values 
of  X corresponding  to  the  ordinary  formulation  of  the  Stefan  problem.  The 
thermophysical  data  are  presented  in  Table  79. 

As  follows  from  the  presented  results,  in  contrast  with  the  freezing,  the 
thawing  of  porous  bodies  with  consideration  of  the  curve  of  the  ice  content 
proceeds  at  different  values  of  T^  < 0 less  intensively  than  in  the  Stefan 
f or  mu  la  t ion. 

At  T^  = o'  divergence  obviously  is  not  present,  as  no  zone  of  thawing  is  pro - 
sent.  With  increase  of  1 T 1 the  divergence  grows,  but  at  sufficiently  large 
values  of  |T  I (since  the  curve  of  ice  formation  has  a horizontal  asymptote) 
it  decreases.  In  connection  with  that,  for  each  value  of  T a value  T^  < 0° 
is  found  at  which  the  divergence  reaches  a maximum,  its  position  then  being 
dependent  on  the  ice  content  curve.  This  is  very  graphically  evident  in  the 
case  of  loam  on  the  cur  e T - 0.5  (at  values  T > 0.5  approximation  of  the 
curve  starts  at  T < -10°).  In  the  case  of  sand  the  maximum  divergence  sets 
in  practically  independently  of  the  value  of  T ^ at  T ft*  -2  . 

Such  a picture  is  explained  by  the  fact  that  thawing  in  the  temperature  range 
leads  to  phase  transitions  of  water  anywhere  at  t < 0°,  that  Is,  in  the  entire 
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Table  79  Thermophys ica 1 characteristics 
of  loam  and  sand  adopted  in 
ca  leu  la  t ions 
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Figure  140.  The  rate  of  thawing 
of  soils  of  the  type  of  (a)  loam 
and  (b)  sand  in  the  temperature 
range  (solid  line)  and  with  the 
formation  of  an  interface  (broken 
line):  1 --  5°;  2 --  2.5°;  3 -- 


0.5°. 


hrs 


Key:  A - Temperature;  B - Loam;  C - Sand; 
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frozen  rock  mass,  as  the  temperature  curve  at  t ^ 0°  will  be  above  the  initial 
distribution  of  temperatures  t = T^.  At  the  same  time,  in  the  Stefan  formu- 
lation the  phase  transitions  occuronly  in  the  interval  [0,  _f],  in  connection 
with  which  the  thawing  in  that  case  increases.  For  grounds  of  the  type  of 
sand  the  principal  phase  transitions  occur  in  a narrow  temperature  range  at 
t > -1  , since  at  < -2  the  elevation  of  temperatures  in  the  main  part  of 
the  frozen  mass,  connected  with  increase  of  T , has  an  insignificant  influence 
on  the  process  of  thawing.  In  the  case  of  loam,  however,  increase  of  T has 
the  result  that  even  a slight  elevation  of  the  temperatures  at  great  depths, 
where  the  temperatures  are  close  to  T ^ , can  substantially  increase  the  total 
amount  of  heat  of  phase  transitions.  Therefore  in  the  case  of  loam  the  in- 
fluence of  the  curve  of  ice  formation  will  decreaase  at  considerably  larger 
values  of  I T ^ | than  for  sand. 

As  follows  from  the  results  of  the  calculation,  the  influence  of  the  curve 

of  ice  formation  on  the  depth  of  thawing  can  be  considerable  even  for  sandy 

soils.  Thus,  at  T - 0.5  consideration  of  the  phase  transitions  in  the  tern- 

perature  range  for  sand  at  T •>  -2  leads  to  a reduction  of  thawing  by  19%. 

and  in  the  case  of  loam  by  2o%.  For  sand,  however,  elevation  of  T or  |T,| 

o 1 

leads  to  a sharp  decrease  of  the  influence  of  the  curve  of  ice  formation, 
whereas  in  the  case  of  loam  the  maximal  divergence  in  the  rate  of  thawing  is 
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only  shifted  in  the  direction  of  decrease  of  Besides  that,  in  contrast 

with  freezing,  during  thawing  the  consideration  of  the  curve  of  ice  content 
has  a substantial  influence  on  the  temperature  distribation  by  depth.  As  an 
illustration,  th  results  of  calculation  of  the  temperature  distribution  dur- 
ing thawing,  both  with  consideration  of  the  ice  content  curve  and  in  the  Stefan 
formulation  are  presented  on  Figure  141,  according  to  the  data  of  which  it 
follows  that  temperatures  by  depth  when  the  curve  of  the  ice  content  is  taken 
into  consideration  are  considerably  lower  than  in  the  Stefan  formulation.  In 
the  case  of  sand  at  T = 5°  and  T = -2"  the  divergence  reaches  0.5’,  but  in 
the  case  of  loam  at  T'  = 5'  and  T = -2  the  divergence  exceeds  2°. 


Figure  141.  Temperature  distribution 
by  depth  in  frozen  soils  of  the  type 
of  loam  (a)  and  sand  (b)  at  T = 5°: 

1 --  in  the  case  of  thawing  in  the 
temperature  range;  2 - with  formation 
of  an  interface 


Thus  calculations  of  thawing  of  soils  by 
the  usual  procedure  without  consideration 
of  phase  transitions  in  the  temperature 
range  lead  for  finely  dispersed  soils 
(with  smooth  change  of  the  ice  content 
curve)  to  considerable  distortion  of  the 
temperatures  and  decrease  of  the  depths 
of  thawing  by  up  to  20%.  In  the  case  of 
sandy  soils  the  indicated  effect  occurs 
only  when  there  are  low  temperatures  on 
the  surface. 

3.  The  Influence  of  Consideration  of  the  Ice  Content  Curve  on  the  Process 
of  Freezing  and  Thawing  of  Soils  With  Different  Natural  Moisture 

We  will  examine  the  influence  of  change  of  the  amount  of  free  water  (or  the 
natural  moisture  content  of  the  soil)  on  divergence  between  solutions  of  the 
problem  of  freezing  with  consideration  of  the  curve  of  unfrozen  water  and 
the  classical  Stefan  problem  under  analogous  conditions. 

During  both  freezing  and  thawing  with  consideration  of  the  ice  formation  curve 
change  of  the  amount  of  free  water  (w  ) , that  is,  the  natural  moisture  con- 
tent of  the  soil,  does  not  change  the  non-linear  differential  equation  to 
which  the  problem  under  consideration  is  reduced  in  the  self -model ing  case. 

This  is  connected  with  the  fact  that  the  ice  content  curve  for  the  given 
soil  in  practice*  is  a physical  characteristic  Independent  of  the  moisture 
content  in  the  natural  state. 

*Cases  where  the  natural  moisture  content  is  smaller  than  the  maximal  mole- 
cular do  not  play  an  important  role. 


/ ' w 
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Figure  142  presents  the  results  of  calculation  of  the  values  of  •/.  determin- 
ing the  dynamics  of  freezing  during  consideration  of  the  ice  formation  curve 

as  a function  of  w for  the  values  of  the  initial  temperature  T = 0.2  and 
na  t 1 . 1 

10°  and  the  temperature  of  the  surface  = -0.5,  -2.5  and  -5°.  Presented 

at  the  same  place  are  similar  calculations  of  the  problem  in  the  classical 

Stefan  formulation.  The  calculations  were  made  for  two  essentially  different 

ice  formations  in  the  range  of  negative  temperatures  of  the  types  of  soil: 

loam  and  sand. 


a,  “ 


Figure  142.  Freezing  of  soils  of  the  type  of  (a)  sand  and 
(b)  loam  during  consideration  of  the  ice  formation  curve  (I) 
and  in  the  Stefan  formulation  (II)  (as  a function  of  the 
amount  of  free  water):  1--T  =-5°,  T=0°;2--T 

= -5°,  = 2°;  3 — To  = -5°?  T = 10°;  4 --  - -2?5°, 

T - 2°;  5 --  T - -0.5°,  T,  - 2°.  a - m/hr  •, 

1 ° 1 b - Q A , kca  1 /m 


r 


As  follows  from  the  obtained  results,  for  a soil  of  the  type  of  loam  change 
of  w plays  a substantial  role  from  the  point  of  view  of  the  influence  of 
the  curve  of  ice  formation  on  the  course  of  freezing  in  comparison  with  the 
Stefan  formulation.  An  especially  sharp  difference  occurs  at  a natural  moist- 
ure content  close  to  the  maximal  molecular  (Q,  is  small)  and  the  difference 


achieves  a maximum  at  Q. 
vergence  occurs  at  Q 


0 kca  J 


<,  ~ ™.a^/mJ.  At  a f^xed  value  of  the  largest  di-^ 

t kcal/m  and  T = O' . For  example, at  Q . - 0 kcal/m 

for  the  case  - -5  and  = 0 the  Increase  of  the  depth  of  'freezing 

during  consideration  of  the  ice  formation  curve  reaches  26.2%  in  comparison 
with  the  corresponding  Stefan  problem  and  can  be  still  larger  at  T < -5°. 

With  increase  of  Q.  the  rate  of  freezing  during  consideration  of  tfie  ice  for- 
mation curve  fa  1 ls^considerably  more  sharply  than  in  the  Stefan  formulation 
(while  still  remaining  always  larger  than  the  latter).  In  connection  with 
that,  at  large  enough  values  of  the  depths  of  freezing  calculated  by  the 
two  methods  converge. 


420 


For  soils  of  the  type  of  sand  the  difference  in  the  course  of  freezing  during 
change  of  w has  a substantial  influence  only  at  small  values  of  |T  | of 

HA  t ^ ^ O ^ 

the  order  of  0.5  (for  example,  at  I = 0.5  , T = 2 and  Q,  = 0 kcal/m  that 

O 1 f) 

difference  reaches  337.).  However,  during  decrease  nf  T ^ or  increase  of  T^ 
the  depths  of  freezing  obtained  at  different  values  of  Q in  the  Stefan 
formulation  and  with  consideration  of  the  ice  formation  curve  converge  far 
more  rapidly  than  for  loam.  In  addition,  during  increase  of  w the  influ- 
ence of  the  ice  formation  curve  also  diminishes  far  more  intensively.  Thus, 
already  at  Qj  = 5000  kcal/m  (that  is,  at  w - w of  the  order  of  5%)  the 


divergence  ?if  the  freezing  depths  at  T 


and  at  larger  values  of  |T  i and  T 


1 


natA  -hun  . _ 
= -0.5  and  T 

less  than  4%. 


2 drops  to  13%, 


The  results  of  similar  calculations  in  the  case  of  thawing  of  soils  of  the 
type  of  loam  and  sand  are  presented  on  Figure  143.  The  calculations  were  made 


Figure  143.  Thawing  of  soil  of  the  type 
of  (a)  loam  and  (b)  sand  during  consid- 
eration of  the  ice  formation  curve  (I) 
and  in  the  Stefan  formulation  (II)  (as  a 
function  of  the  amount  of  free  water: 

1 --  T - 5°,  T,  - -2°;  2 — T - 2.5°, 

Tl  - -2°;  3 - To  - 0.5°,  ^ - -2°. 

a - * , m/hr  b - Q,,  kcal/m^ 

r 


at  T = -2  at  different  values  of 
T as  a function  of  Q,.  As  fol- 
lows from  an  examination  of  Figure 
143,  calculations  of  the  Stefan 
problem  give  substantially  over- 
stated values  of  the  thawing  depths, 
and  upon  increase  of  T for  both 
loam  and  sand  a convergence  of  S 
in  the  Stefan  formulation  and  with 
consideration  of  the  ice  formation 
curve  is  characteristic.  The  maxi- 
mal divergence,  as  during  freezing, 
is  noted  during  the  absence  of  free 
water,  but  in  both  cases  only  at 
small  values  of  T (at  T - 0.5°, 
40.4%  in  the  case°of  loaS  and  19.4% 
in  the  case  of  sand). 

In  addition,  upon  increase  of  Q. 
the  convergence  of  the  correspond- 
ing curves  occurs  far  more  slowly 
than  during  freezing,  and  even  at 
Q > 40,000  kc  al/in  the  divergence 
of  thawing  depths  is  considerable 
(at  T^  - 2.5  and  T - -2  for  soil 
of  the  type  of  loam  above  12%,  and 
4%  for  sand).  In  that  case  it  must 
be  borne  in  mind  that  for  soil  of 
the  type  of  sand  at  values  of  T 
different  from  T^  “ -2°  the  diver- 
gences will  be  smaller,  while  for 
loam  at  T > 0.5°  and  T < -2°  the 
divergences  can  be  greater. 


Thus  change  of  the  amount  of  free  water  has  a substantial  effect  in  calculations 
of  freezing  or  thawing  not  only  of  finely  but  also  of  coarsely  dispersed  soils 
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in  comparison  with  the  corresponding  calculations  in  the  Stefan  forrmlation. 

In  calculations  of  the  Stefan  problem  for  coarsely  dispersed  soils  during  both 

freezing  and  thawing  a correction  must  be  introduced  only  at  small  values  of 

w * w (up  to  5%)  and  at  small  absolute  values  of  the  surface  temperatures . 

In  the  case  of  finely  dispersed  soils,  however,  during  thawing  a correction 

must  be  introduced  at  any  values  of  w , whereas  during  freezing  only  at 

w - w v 20%.  Since  in  comparison' with  the  Stefan  problem  ice  formation 
nat  un  1 * 

in  the  temperature  range  increases  the  freezing  depth  and  reduces  the  thawing 
depth,  then  it  is  necessary  to  introduce  a positive  correction  during  freezing 
and  a negative  one  during  thawing. 

4.  Determination  of  the  Effectiveness  of  the  Ice  Formation  Curve 


The  above-examined  comparison  of  solutions  of  "linear"  and  quasi-linear  prob- 
lem.; of  the  Stefan  type  was  nude  for  a definite  curve  of  unfrozen  water,  ob- 
tained experimentally  for  a specific  soil.  At  the  same  time  the  curve  of  un- 
frozen water  also  influences  the  divergence  of  the  results  of  solutions  of 
those  problems.  All  this  leads  to  a need  in  solving  the  problem  of  freezing 
and  thawing  to  constantly  use  a laboratory-determined  curve  of  unfrozen  water 
for  each  specific  soil,  and  this  makes  it  difficult  to  solve  and  excludes  the 
application  of  known  solutions  of  the  classical  Stefan  problem  with  a freezing 
boundary.  However,  by  using  the  indicated  solution  of  the  sell. -model i ng  prob- 
lem with  consideration  of  phase  transitions  in  the  temperature  range  it  is 
possible  to  propose  a method  which  permits  solving  the  general  problem  under 
consideration  by  means  of  calculations  of  the  classical  Stefan  problem  with 
a precision  adequate  for  practical  purposes.  This  is  achieved  by  using,  in- 
stead of  the  natural  curve  of  phase  transitions  Q,(t)  at  t i 0 , a certain 
effective  curve  Q (t).  The  latter  is  determinedly  integral  quadratic  ap- 
proximation of  the  freezing  depths  obtained  as  a result  of  solution  of  the 
self -model ing  problem  in  the  temperature  range  for  different  conditions 
y “ y1(To,  T^)  corresponding  to  solutions  of  the  classical  Stefan  problem. 

The  values  of  Q,  as  a function  of  T found  in  that  case  for  a certain  range 
of  temperatures  PT  determine  the  curve  Q(t). 


The  thus -constructed  effective  curve  of  ice  formation,  besides  the  fact  that 
it  permits  making  qualitative  estimates,  can  be  used  to  estimate  the  depths 
of  seasonal  freezing  (thawing)  in  a given  soil  by  means  of  an  ordinary  Stefan 
problem.  To  do  that  it  is  sufficient,  under  certain  initial  and  boundary 
conditions  on  the  surface  of  the  ground,  to  determine  with  the  curve  Q(t)  the 
corresponding  quantity  of  the  heat  of  phase  transitions,  the  release  of  which 
is  assumed  at  the  freezing  (thawing)  temperature  t = 0°.  Solution  of  the  Ste- 
fan problem  at  that  value  of  Q also  will  give  the  sought  value  of  the  freezing 
(thawing)  depth  for  the  given  soil  with  consideration  of  the  curve  of  phase 
transitions  at  practically  any  average  annual  ground  temperature. 


A solution  of  that  variational  problem  in  the  case  of  freezing  for  four  stan- 
dard types  of  soil  with  different  curves  of  unfrozen  water  (curves  b.  Figure 
144),  other  conditions  being  equal,  was  obtained  on  the  "Strela"  computer  of 
the  MSU  Computer  Center  (Melamed,  1967).  As  a result  of  the  solution,  cor- 
responding effective  curves  of  the  phase  transitions  were  obtained  (curves  a. 
Figure  144). 


422 


Figure  144.  Dependence  of  the 
effective  (a)  and  natural  (b) 
curves  of  ice  formation  in 
temperature  range  of  0 to 
for  four  types  of  soils  of  dif- 
ferent dispersion:  from  sand  (I) 


the 

-5° 


to  loam  (IV),  w 


un(0) 


16.6"/ 


nat 


24.1%, 


As  follows  from  an  examination  of  the  results,  in  the  case  of  freezing  the 
effective  curves  of  phase  transitions  lie  above  the  natural.  It  is  essential 
that  their  form  differ  insignificantly,  and  the  effective  curves  emerge  to 
th'  asymptote  somewhat  more  rapidly. 

The  degree  of  divergence  of  the  effective  and  natural  curves  of  ice  formation 
depends  essentially  on  their  inclinations  on  the  section  near  TT/4  (curves  2-1). 
In  that  case  the  divergence,  increasing  with  lowering  of  the  temperature,  at 
temperatures  below  -5  exceeds  a moisture  content  of  7%.  Even  in  the  case  of 
a curve  of  ice  formation  typical  of  sands,  where  consideration  of  the 
phase  transitions  curve  is  considered  correct,  the  divergence  at  -2°  reaches 
4%  (curve  IV).  And  even  in  cases  where  the  phase  transitions  a*  t 0°  are 
small  (curve  1),  calculations  of  the  Stefan  problem  with  the  usual  procedure 
do  not  lead  to  substantial  divergences. 

Thus  calculations  of  the  problem  of  freezing  of  moist  ground  in  the  case  where 
phase  transitions  occur  in  the  temperature  range  must  be  corrected  by  means  of 
the  effective  curve  of  phase  transitions  containing  a form  similar  to  the 
natural  and  corresponding  to  a larger  quantity  of  unfrozen  water.  In  that 
case  the  degree  of  correction  depends  on  the  inclination  in  the  region  of  the 
main  phase  transitions.  If  high  precision  of  calculations  of  the  freezing 
depth  is  required,  however,  then  to  solve  the  Stefan  problem  by  means  of  the 
proposed  variational  method  it  is  necessary  to  preliminarily  find  the  indi- 
cated effective  curve  with  a digital  computer. 

As  calculations  have  shown,  the  effective  curve  is  practically  independent  of 
the  amount  ot  the  natural  moisture  content,  which  is  an  essential  circumstance 
from  the  point  of  view  of  its  use. 

Thus,  for  calculations  of  the  Stefan  problem  in  the  case  of  phase  transitions 
in  the  temperature  range  for  a specific  medium  it  is  sufficient  at  an  arbi- 
trary value  of  the_natural  moisture  content  to  find  the  effective  curve  of 
phase  transitions  Q(t)  and  use  it  henceforth  for  any  calculations  with  the 
ordinary  method. 
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3.  Investigation  of  the  Dynamics  of  Freezing  and  the  Cryogenic  Structure  of 
Finely  Dispersed  Rocks  in  the  General  Case  By  Digital  Computer 

The  investigation,  discussed  in  Chapter  3,  of  the  processes  of  heat  and  mass 
transfer  in  freezing  finely  dispersed  rocks  nukes  it  possible,  in  a formula- 
tion sufficiently  close  to  real  conditions,  to  reveal  the  main  quantitative 
regularities  of  the  formation  of  cryogenic  textures  and  the  amounts  of  heav- 
ing. Presented  in  this  section  are  the  results  of  investigation  of  a number 
of  ty;  ica 1 problems  of  the  freezing  of  seasonally  frozen  and  seasonally  thawed 
soils  which  permit  determining  the  connection  of  distinctive  features  of  the 
cryogenic  structure  and  the  amount  of  heaving  as  a function  of  concrete  cli- 
matic data  in  the  presence  of  the  hydraulic  and  physical  characteristics  of 
the  rocks  and  the  conditions  of  heat  and  mass  exchange.  In  that  case  the  cor- 
responding problems  are  examined  both  by  means  of  solution  of  the  problem  of 
freezing  with  moisture  in  a general  formulation  (under  variable  boundary  con- 
ditions with  consideration  of  the  possibility  of  change  of  the  freezing  regime 
in  the  course  of  the  process)  and  in  the  self -model ing  case. 

1.  Investigation  of  the  Dynamics  of  the  Temperature  and  Moisture  Fields  and 
the  Amount  of  Heaving  During  Seasonal  Freezing  in  Moisture-saturated 
Finely  Dispersed  Soils 

In  solving  questions  of  the  prediction  of  change  of  frost  conditions,  of  con- 
siderable interest  are  calculations  of  heat  and  nuss  exchange  in  the  layer  of 
annual  temperature  fluctuations  during  the  winter  freezing  of  the  rocks.  These 
questions  are  examined  in  a homogeneous  medium  under  the  conditions  of  a closed 
system  (there  are  no  inflows  of  moisture  toward  immobile  boundaries  of  the  re- 
gion). Given  as  the  tempera ture  bound  iry  condition  on  the  surface  (z  = 0)  is 
change  of  temperature  according  to  the  harmonic  law  t(0,  T)  ~ t + A sin  2h/T  u, 

where  t is  the  average  annual  tempera ture  of  the  surface,  A is  the  amplitude 
m 1 o 

of  oscillations,  t > 0 , A > 0 and  T is  the  period  of  oscillations  (8760 

hours).  At  the  depth  of  the  zero  annual  amplitudes,  as  usual,  the  condition 

of  temperature  constancy  is  assumed.  Since  the  time  interval  during  which 

a solution  is  sought  is  limited  to  the  winter  freezing,  consideration  of  the 

influx  of  geothermal  heat,  which  can  readily  be  accomplished  with  the  given 

program,  is  not  necessary. 

The  problem  is  set  as  follows.  Taken  es  the  initial  moment  of  time  is  T = 0, 
when  the  temperature  of  the  surface  is  t and  the  ground  is  in  the  thawed  state. 
The  initial  temperature  distribution  by  depth  is  taken  in  the  form 

1 1^,  0)  /cp  (t(h,  0)  /cp)-  erf  m:.  Ofz  h. 

where  h is  the  depth  of  the  zero  annual  amplitudes,  and  m is  a constant  > 0. 

For  simplicity,  before  the  start  of  freezing  moisture  exchange  in  the  layer 
of  annual  fluctuations  is  excluded  from  consideration,  and  at  T » 0 the  moist- 
ure in  depth  is  assumed  to  be  constant  (w^).  Thus,  until  the  next  s ign  in- 
version of  t(0,  T)  the  problem  consists  in  determining  the  dynamics  of  the 
temperature  field  in  the  layer  of  annual  fluctuations,  which  is  described  by 
an  ordinary  equation  of  thermal  conductivity.  The  purpose  of  solution  of  the 
problem  in  this  state  is  to  find  the  temperature  distribution  in  depth  natural 
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for  thi  given  region  before  the  start  of  freezing.  Liter  a solution  is  found 
for  tht  problem  of  he.it  und  mass  exchange  during  freezing,  one  sought  until 
tht  moment  of  the  subsequent  temperature  inversion  (when  thawing  from  the  sur- 
face has  to  start  and  the  problems  becomes  a two-front  one)  or,  if  it  occurs 
earlier,  until  the  start  of  thawing  from  below. 

As  a result  of  the  solution  of  that  problem  the  dynamics  of  movement  of  the 

interface  and  of  the  heaving  in  time  are  determined,  and  also  the  cryogenic 
Lructure  in  the  layer  of  seasonal  freezing  and  the  moisture  distribution  in 
tht  thawed  ground  at  the  indicated  moment  of  time.  It  is  obvious  that  at  t 
values  close  to  zero  the  freezing  of  the  ground  can  occur  also  in  the  course 
of  some  time  interval  after  the  moment  of  sign  inversion  of  t(0,"O.  It  must 
be  borne  in  mind,  however,  that  migration  occurs  far  more  slowly  in  a frozen 
than  in  a thawed  zone  and,  in  addition,  the  rate  of  freezing  after  the  start 
of  thawing  from  the  surface  approaches  zero.  Therefore  the  cryogenic  struc- 
ture of  the  frozen  layer  obtained  as  a result  of  calculations  in  accordance 
with  what  was  said  above  within  the  framework  of  a single-front  problem,  in 
practice  can  be  considered  definitive.  Let  us  note  that  insufficient  con- 
sideration of  the  freezing  possible  after  sign  inversion  of  t(0,  T)  leads  to 

a somewhat  understated  value  of  the  ice  content  near  the  base  of  the  frozen 

la  yer . 


The  algorithm  for  solution  of  the  problem  of  freezing  with  moisture  migration 
in  a general  formulation  with  consideration  of  heaving  and  the  formation  of 
ice  interlayers  which  was  examined  in  Chapter  3 was  implemented  in  the  Depart- 
ment of  Geocryology  of  MSU  by  moans  of  a program  for  a model  M-20  digital  com- 
puter. The  counting  time  of  a single  variant  was  about  1 hour.  In  calcula- 
tions with  a BESM-4  provision  was  made  for  the  use  of  an  a lphanumer  ic  printer. 
The  maximal  number  of  junction  points  in  depth  is  240.  At  a rapjid  rate  of 
freezing,  and  also  during  entry  into  the  layer  and  departure  from  it,  a need 
arises  to  subdivide  the  step  in  time.  The  minimal  value  of  a step  was  taken 
to  be  6.25  hours.  Since  the  coefficient  of  potential  conductivity  varies  by 
several  orders  of  magnitude  during  change  of  the  moisture  content  from  w to 
w^  , in  finding  the  moisture  content  on  a mobile  boundary  in  the  process  of 
forfeit  ion  of  an  ice  layer  iteration  is  used. 


The  calculations  were  made  at  the  following  values  of  the  coefficients  of  heat 
and  mass  transfer:  K(w)  • 0.3786  x 10'  x exp;  |l6.4646wi,  m“/hr  (taken  ac- 

cording to  the  data  of  V.  R.  Gardner,  1958),  the  thermal  conductivity  of  the 

thawed  ground  was  A = 0.67  kca 1/ (m) (hr ) (degree) , that  of  the  frozen  ground 
6 w^. 

was  calculated  in  accordance  with  the  dependence  y\  = (1  + 2 jj~  ) (in 

that  case  it  is  assumed  that  \ = 2 kca 1/ (m)  (hr ) (degree ) within  the  ice  layer, 

when  w(  = 100%),  the  heat  capacity  of  the  thawed  ground  Ct  = 600  kca 1/ (m J) (deg ) . 
and  the  effective  heat  capacity  is  calculated  with  the  formula  of  mixing  with 
consideration  of  the  curve  w (t)  in  the  form 

lin 
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where  K =1,  w w . ; 1 - w /w  . ;w  ->w.  ; A = 1800  kg/m  ; C , =0.2 

w t abs’  t abs’  t abs  sk  * sk 

kca 1/ (kg) (degree) ; w is  the  total  moisture  content  by  volume.  The  curve  of 

unfrozen  water  was  given  in  the  form 


:iti  17 1 


/<  0. 


where  .1  and  b were  determined  from  the  conditions:  w (0  ) = 15?.,  v (-10  ) 

00  un  un 

= 2%.  The  moisture  content  on  the  interface  in  the  absence  of  ice  schlieren 

(corresponds  to  the  moisture  content  close  to  rolling  in  a cord)  was  given 

as  20?  and  the  absolute  moisture  caj  icity  40/.  The  tem  erature  at  the  de:  th 

f the  zero  annual  amplitudes  (12  meters)  was  assumed  t<  be  3 and  the  average 

annual  tempera  ture  on  the  surface  of  the  s'  il  t = 1 . 

The  calculations  of  freezing  with  consideration  of  moisture  migration  were 
made  at  different  values  of  the  natural  moisture  content  of  the  ground  w^ 
(within  the  range  from  the  moisture  of  rolling  to  the  absolute  moisture  capa- 
city with  a ste;  of  5%)  and  amplitudes  of  fluctuations  of  the  tent  erature  of 
the  surface  A (A  = 7 10,  20  and  30  ).  The  initial  stei  in  time  was  assumed 

OO  . * 

to  be  50  hours,  and  the  ste]  on  the  coordinate  was  0.05  meter. 


Figure  145.  Dynamics  of  the  depth  >f 
freezing  ai.d  heaving  in  time  at  dif- 
ferent values  of  A and  w, : 


A •-* 


Figure  146.  Dynamics  of  the  do:  th  of 
freezing  and  heaving  in  time  at  dif- 
ferent values  of  A and  w, : 

o 1 


Presented  on  Figures  145-146  are  the  dynamics  of  the  freezing  and  heaving  in 
time  at  different  values  of  w^  at  A^  = 10  and  20  respectively.  In  addition, 
presented  on  Figure  146  are  data  on  freezing  and  heaving  at  A i = 7°  and  w^  = 

= waks«  As  was  to  be  expected,  reduction  of  A,  other  conditions  being  equal 

leads  to  greater  ice-saturation  and  increase  of  heaving.  This  is  manifested 
very  rarely  at  small  values  of  A . The  dependence  of  the  amount  of  heaving 
on  the  amplitude  at  w = w ^ , and  also  on  the  initial  moisture  content  at 
different  values  of  A , is'  illustrated  on  Figure  147.  It  must  be  stressed 
that  the  dependence  o£  the  amount  of  total  heaving  H on  w^  is  essentially 
non-linear.  Actually,  the  heaving  at  values  of  Wj  close  to  w(  is  negli- 
gibly small  and  increases  slowly  at  w w,  < 1/2  (w  *■  w , ).‘  At  the  same 

o 1 o abs 
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Figure  147.  Dependence  of  the 

total  heaving  (H)  on  the  initial 

moisture  content  (w. ) at  A =10 

(1)  and  A = 20 " (2)  and  amplitude 

of  temperatures  on  the  surface  at 

w,  = w , (3).  and  the  dependence 

1 abs  r 

of  the  relative  heaving  (H//)  on 

the  amplitude  of  temperatures  on 

the  surface  at  w,  - w , (4). 

1 abs 


time  at  w > 1/2  (w  + w , ) and  especially  at  values  of  w,  close  to  w , the 

o abs  1 abs 

value  of  11  increases  sharply  with  increase  of  w^.  A qualitatively  analogous 

picture  occurs  also  in  the  self -mode ling  problem. 

Figures  148  and  149  present  the  cryogenic  structure  over  the  profile  of  a 
frozen  layer  with  consideration  of  heaving  at  A()  = 10  and  20  at  different 
values  of  w^.  The  diagrams  of  the  cryogenic  structure  characterize  the  dis- 
tribution of  the  ice  content  by  depth  only  at  the  moment  of  conclusion  of 
freezing.  Therefore,  taking  into  account  that  in  different  cases  the  heaving 
is  different,  for  their  uniformity  one  must  introduce  a marker  of  the  surface 
of  the  ground  minimal  in  the  year  and  coninon  to  all  (that  is,  the  surface  of 
the  ground  before  measurement),  and  over  it,  the  axis  of  the  hydrothermal 
movements  of  the  surface  v generated  by  the  heaving.  The  connection  between 
any  point  on  the  diagram  of  ice  content  and  the  moment  of  time  when  the  front 
of  freezing  reached-  the  corresponding  depth  and  the  indicated  ice  content 
formed  is  accomplished  with  the  curve  f(7T).  In  that  case,  it  is  necessary 
to  determine  for  the  selected  point  on  the  curve  of  the  ice  content  its  posi- 
tion in  relation  to  the  maximum  of  the  hydrotherma 1 movement  Tthat  is,  the 
value  of  |(T)J  , after  which,  on  the  diagram  where  the  dynamics  of  the  pro- 
cess of  freezing  in  time  are  presented,  on  the  curve  i (tT)  the  sought  moment 
of  time  and  the  correspond ing  tempera ture  of  the  surface  are  determined.  Let 
us  note  that  the  correspondence  between  the  indicated  diagrams  will  be  mutual- 
ly identical  only  if  in  the  course  of  the  winter  period  )'(t)  0.  If  in 

some  time  intervals  during  the  winter  freezing  ceases,  0),  however, 

then  as  the  sought  moment  of  time  it  is  necessary  to  take  the  largest  time 
to  which  the  given  value  of  J corresponds  on  the  diagram  j = J (T ) . 

In  examining  the  diagrams  of  the  cryogenic  structure  it  also  is  necessary  to 

bear  in  mind  that  the  ice  content  obtained  by  calculation  is  the  mean- integra 1 

on  the  step  of  integration  on  the  coordinate.  Therefore  solid  ice  schlieren 

with  a thickness  of  not  less  than  a step  correspond  to  the  points  where  the 

curve  of  the  ice  content  in  depth  on  the  diagram  reaches  the  value  w =1. 

But  if  the  values  of  the  ice  content  are  in  the  interval  between  w = w , 

t abs 


,md  w = 1 , then  .it  the  corresponding  depth  .1  laminated  t ext ur . f<>rn  , the 

tota  1 th  ickness  of  the  ice  schlieren  on  .1  ste]  being  pro;  . rt  Iona  i to  the 

v.ilue  w - w , • 

t nbs 


Figure  148.  Distribution  of  ice  con- 
tent by  depth  of  the  frozen  layer  at 
different  values  of  A and  w . Sym- 
bols the  same  as  on  Figure  145. 
a - Hydrometric  motion  of  surface,  m 
b - Mininti  1 mirking  of  surface  in  yr 
c - Depth,  m 


Figure  149.  Distribution  of  ict  con- 
tent by  depth  of  the  frozen  layer  at 


different  values  of  A and 
bols  the  same  as  on  Figure 


Sym- 


a,  b and  c as  on  Figure  148 


It  follows  from  an  examination  of  Figures  148  and  149 tha t , dur ing  freezing 
under  the  conditions  of  a closed  system  (in  the  absence  of  external  sources 
of  moisture)  in  the  case  of  harmonic  temperature  oscillations  on  the  surface, 
ice  formation  occurs  irregularly  over  the  profile  of  the  seasonally  frozen 
layer.  At  the  same  time  it  is  characteristic  that  intensive  ice  format  ion 
occurs  only  near  the  surface  and  base  of  the  freezing  layer.  In  an  overwhelm- 
ing majority  of  it  its  total  moisture  content  (with  consideration  of  the  vol- 
ume expansion  during  the  transition  of  water  into  ice)  insignificantly  exceeds 
the  initial.  This  is  manifested  very  rarely  under  the  conditions  of  a sharply 
continental  climate,  when  inside  the  freezing  layer  the  moisture  is  actually 
fixed  in  place. 

However,  it  must  be  borne  in  mind  that  intensive  ice  formation  near  the  sur- 
face occurs  primarily  in  connection  with  the  fact  that  the  pre-winter  moisture 
content  of  the  ground  by  a convention  is  assumed  to  be  constant  over  its  pro- 
file. It  is  obvious  that  if  the  ground  near  the  surface  has  been  dried  by 
that  moment,  then  heaving  which  occurs  at  the  start  of  freezing  under  the  con- 
ditions assumed  in  the  calculations  will  be  absent.  Therefore  the  heaving  in 
the  course  of  time  can  be  regarded  as  a linear  function  oily  in  cases  where 
at  the  pre-winter  moment  the  ground  near  the  surface  is  sufficiently  dried 
and  also  if  th.'  start  of  freezing  is  accompanied  by  sharj  cooling. 
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Siiict  in  geocryology  calculations  of  the  depths  of  freezing,  as  a rule,  are 
made  without  consideration  of  mass  transfer,  for  comparison  solutions  of 
analogous  problems  were  obtained  in  the  Stefan  formulation,  but  with  consid- 
eration if  phase  transitions  in  the  range  of  negative  temperatures . In  that 
case,  in  contrast  with  the  above-considered  problem,  on  the  mobile  interface 

occur  chase  transitions  of  all  the  "free"  moisture  (that  is,  from  w,  to  w (0)). 

1 un 

It  must  be  stressed  that,  as  follows  from  the  presented  calculations,  the  sum- 
mary (with  consideration  of  heaving)  moisture  content  of  the  frozen  ground  in 
the  problem  with  consideration  of  migration  in  the  conditions  under  considera- 
t ion  proves  in  practice  to  be  close  to  the  maximal  depth  of  freezing  in  the 
corresponding  Stefan  problem.  This  is  connected  to  a considerable  degree  with 
the  above -indicated  Irregularity  in  ice  formation  over  the  profile  of  the 
freezing  layer.  In  addition,  a definite  role  in  that  is  also  played  by  the 
dependence  of  the  thermal  conductivity  of  the  ground  on  the  total  moisture 
content.  Nevertheless  the  indicated  circumstance  will  be  violated  inevitably 

when  the  values  of  A are  sufficiently  small,  when  intensive  heaving  occurs. 

o 

Thus  calculations  of  the  depth  of  freezing  of  m > isture-saturated  finely  dis- 
persed rocks  in  a closed  system  during  harmonic  oscillations  of  the  tempera- 
ture of  the  surface  under  the  conditions  of  a continental  climate  can,  with 
an  accuracy  sufficient  for  practical  purposes,  be  made  without  considering 
migration.  At  the  sama  time,  under  the  conditions  of  a maritime  climate,  by 
virtue  of  substantial  change  of  the  cryogenic  structure  in  the  depth  of  the 
layer  of  freezing  and  considerable  heaving,  investigation  of  freezing  within 
the  framework  of  the  Stefan  problem  leads  to  distortion  of  the  picture.  To 
a still  greater  degree,  independently  of  climatic  conditions,  this  applies  to 
freezing  under  the  conditions  of  an  open  system,  particularly  if  there  are 
water-bearing  horizons  situated  witnin  the  range  of  2-3  meters  from  the  sur- 
face, and  also  during  the  freezing  of  a seasonally  thawed  layer  In  the  pre- 
sence of  waters  above  the  frost. 

2.  Investigation  of  the  Dependence  of  the  Cryogenic  Structure  and  the 
Dynamics  of  Heaving  on  the  Character  of  the  Temperature  Conditions 
on  the  Surface  During  the  Freezing  of  Moisture-saturated  Finely 
Dispersed  Soils 

Investigation  of  freezing  in  the  presence  of  moisture  migration  toward  the 
front  of  freezing  by  virtue  of  the  interconnection  between  the  cryogenic 
structure,  heaving  and  the  rate  of  freezing  is  sharply  complicated,  as  in 
that  case  it  is  necessary  to  determine  the  dynamics  of  freezing  in  time. 

Thus,  for  moisture-saturated  finely  dispersed  rocks,  in  contrast  with  the 
generally  accepted  method  of  calcuiating  seasonal  feeezing,  it  is  necessary 
to  consider  in  detail  the  change  of  temperature  on  the  surface  of  the  ground 
in  the  course  of  time. 

As  follows  from  part  1 of  the  present  section,  irregular  ice  formation  within 
the  layer  of  winter  freezing  can  be  connected  only  with  essentially  nonmono- 
tonic change  of  the  temperature  of  the  surface  of  the  ground  in  the  process 
of  freezing.  From  that  point  of  view  very  great  interest  is  presented  by  the 
case  where  on  the  surface  during  the  winter  season  there  is  a successive 
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change  of  rather  long  periods  of  warming  and  cooling,  which  are  often  wide- 
spread under  natural  conditions. 

For  a quantitative  estimation  of  the  influence  of  the  non-monotonic  nature  of 

the  change  of  (1) ( — ) in  the  winter  time  on  freezing,  calculations  were  made  of 

heat  and  mass  transfer  during  cooling  at  a temperature  of  the  surface  which 

attains  several  extremums  in  the  course  of  the  winter  . eriod.  For  that  lur- 

1 . _ * o o 1 

: "se  within  the  limits  of  the  winter  period  (at  Q(u)  = t , where  t is  the 
temperature  of  the  start  of  freezing)  selected  as  the  temp. era ture  of  the  sur- 
face were  functions  of  the  type 

il>  hi  1 [!'  HIT  p.,)  cos  unit  p,)  - .U,j  B 

Here  ^ assumes  the  values  of  0 or  1,  n are  whole  numbers,  n 1 , M , n 1 
is  the  value  of  the  largest  of  the  internal  maximums  of  the  function  f- ( t)  = 

= cos  t + cos  nt  in  the  interval  0 z ' 2". 

Since  <t>  (")  is  determined  only  at  (t>  e,  0,  then  the  function  Q(T),  generally 
speaking,  is  compound. 

It  is  obvious  that  the  problem  under  consideration  at  n = 1 can  be  reduced  to 
the  above-considered  case  when  ®(T)  is  described  by  a simple  harmonic  with  a 
period  equal  to  a year. 

Common  for  the  functions  0(T)and  n > l describing  the  temperature  of  the  sur- 
face in  the  course  of  the  winter  at  ^1  = 0 and  ^u  = 1 is  the  fact  that  the  number 
of  maximums  internal  for  the  inverval  of  freezing  is  equal  to  n - 1 (n  mini- 
mums),  and  with  increase  of  n the  length  of  each  oscillation  diminishes.  At 
the  same  time,  as  a function  of  /*  the  functions  ifr  (T)  differ  substantially 
at  n > 1.  Actually,  at  u = 1 the  function  <t)("C)  is  a result  of  the  super- 
position of  two  harmonic  functions  with  periods  differing  by  n times  and  re- 
presents a series  of  oscillations  in  relation  to  a mean  which  varies  in  time. 

In  th.it  case  the  amplitude  of  such  oscillations  diminishes  with  Increase  of  n. 

In  contrast  with  that,  at  ii  = 0 the  function  Q ( X)  represents  a number  of 
identical  oscillations  (with  one  and  the  same  ampilitude  and  average  annual 
temperature). 

Ihus  the  investigation  of  the  dynamics  of  freezing  of  moisture-saturated  finely 
dispersed  soils  at  the  Indicated  values  of  in  the  cases  pi  = 0 and  ja  - 1 

permits  quantitatively  estimating  the  influence  of  the  non-monotonic  character 
of  the  change  of  temperature  of  the  surface  in  the  winter  time  during  coolings 
and  warmings  of  different  types  and  number. 

We  will  examine  the  solution  of  a number  of  problems  with  consideration  of 
moisture  migration  for  different  values  of  <J)  ( f)  at  n ->  1 and  compare  (other 
conditions  being  equal)  the  results  of  those  calculations  with  the  solution 
of  an  analogous  problem  where  the  temperature  of  the  surface  in  the  course  of 
a year  is  described  by  (^("Q.  To  make  the  results  of  those  calculations  com- 
parable at  different  values  of  n the  problem  is  posed  in  the  following  manner: 
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1)  the  time  interval  in  the  course  of  which  freezing  occurs  is  in  all 

cases  identical  and  is  detirinined  by  the  moments  f and  C,  of  sign  inversion 
of  <|>  (T)  and  0 < r,  < I.  The  points  of  adhesion  0‘(T)  and  (^(x), 

n 1 correspond  to  the  two  successive  nearest  to  zero  positive  roots  of  the 
equation  f(z)  = M^; 

2)  in  the  course  of  the  summer  period  the  course  of  the  tempera ture  of  the 
surface  at  any  values  of  n given  is  one  and  the  same  (correspond ing  to  C^(T); 

3)  the  sum  of  the  frost-degree-hours  at  any  values  of  n is  invariable  and 
corresponds  to  the  case  where  0^  ("C)  occurs  on  the  surface. 

It  can  readily  be  seen  that  the  cited  conditions  at  any  given  0^ (T)  permit 
unequivocally  determining  all  the  parameters  Q ("O  at  n 1. 

In  addition,  it  follows  from  condition  2 that  in  all  cases,  regardless  of  n, 
the  temperature  field  by  the  moment  of  start  of  freezing  is  identical. 

The  region  of  investigation  (within  the  limits  of  the  layer  of  annual  oscil- 
lations), the  boundary  conditions  and  the  coefficients  of  heat  and  moisture 
transfer  are  given  in  the  same  manner  as  in  the  preceding  part  of  the  present 
section.  Let  us  only  note  that  the  full  water  capacity  (by  volume)  w = 407., 
and  the  initial  distribution  of  moisture  (as  has  been  pointed  out,  it‘ coincides 

with  the  pre-winter)  is  assumed  to  be  constant  in  depth  and  equal  to  w . 

1 abs 

The  results  of  calculations  of  the  dynamics  in  time  of  the  depth  of  the  layer 
of  freezing  f (XT)  and  the  amount  of  heaving  h('C),  and  also  the  cryogenic 
structure  of  the  layer  of  seasonal  freezing  at  different  values  of  <J>  (XT)  in 
the  case  yu  = 1 are  presented  on  Figure  150.  Presented  in  the  same  place  are 
diagrams  of  0 (T),  and  also  the  position  of  the  mobile  boundary  of  the  thawed 
zone  in  relation  to  the  marker  of  the  surface  of  the  ground  minimal  in  the 
year  y(~).  It  is  obvious  that  in  the  process  of  formation  of  ice  layers  the 
value  of  y(T)  remains  invariable  in  time,  whereas  f (T)  by  virtue  of  heaving 
increases.  In  all  cases  the  function  1 + 10  sin  2'iT/T  T was  taken  as  0^(r). 

As  follows  from  the  obtained  results,  upon  fulfilment  of  the  above-  ind icated 
conditions  the  change  of  the  course  of  the  temperature  of  the  surface  has  a 
practically  insignificant  effect  on  the  total  depth  of  freezing  and  the  amount 
of  heaving  in  a season.  At  the  same  time,  the  cryogenic  structure  in  the  freez- 
ing layer  changes  substantially  during  change  of  n.  There  is  a very  sharp 
interconnection  between  the  change  of  warmings  and  coolings  in  the  winter  time 
and  irregularity  in  the  cryogenic  structure  of  the  freezing  layer  manifested 
at  small  values  of  n,  when  the  length  and  intensity  of  those  oscillations  are 
rather  large. 

With  increase  in  the  number  of  oscillations  the  heterogeneity  in  the  frozen 
layer  increases  substantially.  Thus,  at  n * 2,  when  in  the  middle  of  the 
winter  there  is  a single  warming  of  considerable  length.  Inside  the  freezing 
layer  forms  one  layer  with  a thickness  of  more  than  15  cm.  In  the  rest  of  the 
frozen  layer  the  ice  content  is  close  to  the  full  moisture  capacity.  At  the 
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same  time  at  n > 2 isolated  ice  layers  with  a thickness  of  not  less  than  5 
cm  do  not  form.  In  that  case  during  freezing  an  interstrat if icat ion  of  sec- 
tions with  different  ice-saturation  occurs,  and  on  sections  with  a high  ice 
content  schlieren  form,  the  thickness  of  which  is  known  to  be  smaller  than 
the  step  on  the  coordinate.  Of  very  great  importance  from  the  point  of  view 
of  the  formation  of  ice  schlieren  are  warmings  at  the  start  of  winter,  when 
the  thickness  of  the  freezing  layer  still  is  not  great.  This  statement  re- 
mains valid  at  any  values  of  n > l in  spite  of  the  fact  that  with  growth  of 
n both  the  amplitude  and  the  length  of  the  oscillations  diminish. 
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Figure  151.  Dynamics  of  the 
depth  of  freezing  and  heaving 
in  time,  and  also  the  cryo- 
genic structure  of  the  freezing 
layer  at  different  values  of  <t> 

n 

for  ja  = 0.  Designations  are 
the  same  as  on  Figure  150. 


On  the  presented  diagrams  of  the  cryogenic  structure  this  is  manifested  in 
the  fact  that  at  n > 2 the  number  of  layers  with  a different  ice  content  in 
depth  is  smaller  than  the  number  of  warmings,  which  is  n - 1.  At  ju  - 0 (Fig- 
ure 151)  the  picture  is  similar  on  the  whole.  However,  since  at  yu  = 0 all 
the  oscillations  in  the  winter  period  have  an  identical  length,  amplitude  and 
average  annual  temperature,  in  the  given  case  the  connection  between  the  non- 
monotonic character  of  the  temperature  of  the  surface  and  the  formation  of  ice 
schlieren  is  sharper.  Thus,  for  example,  at  /j  = 0 the  thick  ice  layers  (not 
less  than  5 cm)  correspond  to  at  least  the  first  three  fluctuations  of  tem- 
perature, whereas  at  yu  = 1 they  correspond  to  only  the  first  warming. 

Thus  the  heterogeneous  character  of  ice  formation  during  freezing  can  be  quan- 
titatively connected  with  the  non-monotonic  character  of  the  change  of  climatic 
conditions  in  the  winter  time,  expressed  in  an  alternation  of  periods  of  warm- 
ing and  cooling. 

The  possibility  of  establishing  a quantitative  interconnection  between  the 
climatic  conditions  and  the  cryogenic  structure  opens  up  broad  possibilities 
in  the  solution  of  very  complex  problems  of  frost  prediction  and  historical 
geocryology. 
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3.  Calculation  of  the  Dynamics  of  the  Tempera ture  and  Moisture  Fields  and 
the  Amount  of  Heaving  During  Freezing  of  the  Seasonally  Thawed  Layer 

The  mutual  dependence  of  the  rates  of  freezing  and  moisture  migration  has  the 
result  that  the  cryogenic  structure  of  the  seasonally  thawing  layer  is  a result 
of  a complex  process  which  depends  on  many  factors.  Very  important  in  that 
case  is  the  regime  of  waters  on  top,  of  frost,  characterized  by  different  feed- 
ing conditions  and  time  of  existence  of  the  water-bearing  horizon. 

We  will  examine  the  results  of  a number  of  calculations  of  the  dynamics  of 
freezing  of  the  seasonally  thawing  layer  with  consideration  of  moisture  mi- 
gration in  the  case  of  harmonic  oscillations  of  temperature  on  the  surface  of 
the  ground.  The  calculations  were  made  within  the  framework  of  a single-front 
problem,  that  is,  under  the  condition  that  from  the  moment  of  achievement  of 
the  maximum  of  thawing  (which  sets  in  not  later  than  the  start  of  freezing) 
and  advance  of  the  upper  boundary  of  the  frost  is  absent  until  the  frost  has 
washed  a way.  At  first  the  thickness  of  the  layer  of  seasonal  thawing^  is 
determined,  and  also  the  temperature  field  in  it  up  to  the  moment  the  thawing 
ceases  T^.  At  T > TT  the  dynamics  of  the  temperature  and  moisture  fields  in 
the  seasonally  thawing  layer  are  determined,  and  also  its  cryogenic  structure 
and  the  change  of  the  amount  of  heaving  in  time  h(T). 

It  must  be  noted  that  in  connection  with  heaving  the  size  of  the  region  of 
investigation  in  that  last  case  can  considerably  exceed  the  initial  thickness 
of  the  seasonally  thawing  layer.  In  connection  with  that,  below,  in  examin- 
ing the  cryogenic  structure  within  the  limits  of  the  seasonally  thawing  layer 
as  the  start  of  the  readoff  we  will  take,  not  the  surface  of  the  ground,  which 
in  time  moves  the  amount  of  the  sought  heaving,  but  the  base  of  the  seasonally 
thawing  layer,  the  position  of  which  has  already  been  determined. 

To  obtain  very  great  heaving,  in  all  the  calculations  it  was  assumed  that  the 
pre-winter  moisture  is  equal  to  the  full  moisture  capacity.  In  addition,  to 
consider  the  change  of  density  of  the  thawed  ground  before  and  after  the  com- 
pletion of  thawing  the  value  of  A at  T < T and  T > T was  assumed  to  be 
. . --  t o o 

d if f erent. 

The  influence  of  change  of  the  regime  of  feeding  the  waters  above  the  frost 
on  the  formation  of  its  cryogenic  structure  was  examined  by  variation  of  the 
corresponding  boundary  condition  in  the  equation  of  moisture  transfer.  In 
the  presence  of  constantly  existing  non-freezing  waters  above  the  frost,  a 
constant  moisture  is  fed  on  the  base  of  the  seasonally  thawing  layer,  moisture 
equal  to  the  full  moisture  capacity.  In  the  case  of  absence  of  waters  above 
the  frost  a condition  of  isolation  was  given,  that  is,  the  flow  of  moisture 
on  the  base  of  the  seasonally  thawing  layer  q(f,T)  was  assumed  to  equal  zero. 

Finally,  in  the  intermediate  case  the  freezing  of  the  seasonally  thawing  layer 
is  examined  under  the  condition  that  in  the  course  of  the  winter  period  the 
waters  above  the  frost  are  used  up.  For  generality  it  is  assumed  that  the 
consumption  starts  after  a certain  time  from  the  moment  of  the  start  of 

freezing,  after  which  in  the  course  of  a certain  time  AT,  the  level  of  the 
waters  above  the  frost  drops  to  zero,, 


An  est invite  of  the  influence  of  the  conditions  of  moisture  exchange  on  the 
base  of  the  seasonally  thawing  layer  was  made  at  different  amplitudes  A of 
fluctuations  of  the  temperature  of  the  ground  and  the  same  hydro-  and  tfiermo- 
physical  characteristics  of  the  medium  as  in  part  1 of  the  present  section. 
The  difference  consists  only  in  the  fact  that  in  accordance  with  the  above  it 
is  assumed  that 
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The  temperature  on  the  surface  was  given  in  the  form 

l in  ~rl-  i ' 10,  20’ C. 

,r,  , . I o - 1„  'in  1 • • V ' 


In  addition,  in  a problem  with  a continuous  nature  of  the  feeding  of  the  waters 
above  the  frost  A T = 1450  hours  and  A"L  = 1000  hours.  Finally,  for  comparison 
the  cases  A l = 2030  hours,  and  also  during  a gradual  cessation  of  feeding  of 
the  waters  Ar0  = 3000  hours  were  examined  at  A = 10°. 


Figure  152.  Dynamics  of  freezing  of  the  Figure  153.  Dynamics  of  freezing  of 
ground  (5)  and  heaving  (h)  in  time  (T")  the  ground  (!)  and  heaving  (h)  in 

under  different  conditions  of  moisture  time  (T)  under  different  conditions 

exchange  on  the  base  of  the  seasonally  of  moisture  exchange  on  the  base  of 

thawing  layer  in  the  case  A = 10  C:  the  seasonally  thawing  layer  in  the 

1 - with  a constantly  existing  horizon  case  A = 20°C.  Designations  are 

of  waters  above  the  frost;  2 - in  the  the  same  as  on  Figure  152. 

absence  of  waters  above  the  frost;  3 - 

dynamics  of  freezing  without  consideration  of  moisture  migration  (according  to 
Stefan);  4 - during  consumption  of  the  horizon  of  waters  above  the  frost  in 
the  course  of  1000  hours;  5 - the  same  in  the  course  of  3000  hours,  a - Start 
of  consumption  of  horizon  of  waters  above  the  frost  b - "t,  hrs. 

Presented  on  Figures  152  and  153  are  the  dynamics  of  the  freezing  of  a season- 
ally thawed  layer  and  the  amount  of  heaving  of  the  ground  under  different  con- 
ditions of  moisture  exchange  at  the  base  of  a seasonally  thawed  layer  at  A^  - 
" 10  and  20°  respectively. 
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Figure  154.  Distribution  of  the  total 
moisture  within  the  limits  of  the 
seasonally  thawed  layer  under  differ- 
ent conditions  of  moisture  exchange  on 
its  base  at  A =10  C.  Designations 
are  the  same  as  on  Figure  152.  a - 
Hydrometric  movement  of  surface,  m; 
b - Marking  of  surface  of  the  ground 
minimal  in  the  year;  c - Upper  boun- 
dary of  frost. 


Figure  155.  Distribution  of  the  total 
moisture  within  the  limits  of  the 
seasonally  thawed  layer  under  differ- 
ent conditions  of  moisture  exchange  on 
its  base  at  A = 20  . a,  b 4 c as  on 
Figure  154;  other  designations  as  on 
Figure  152. 


Shown  on  Figures  154  and  155  are  the  curves  of  the  distribution  of  the  total 
moisture  over  the  profile  of  a seasonally  thawed  layer,  reduced  to  the  base 
of  the  layer,  that  is,  to  the  depth  f , obtained  under  the  same  conditions. 
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In  cases  where  com;  lete  freezing  of  the  seasonally  thawing  layer  occurs,  the 
curves  presented  on  Figures  154  and  155  correspond  to  the  moment  the  season- 
ally thawing  layer  is  washed  away  from  the  frozen  rock  mass,  and  in  the  con- 
trary case  to  the  moment  of  start  of  thawing  of  the  latter.  Presented  for  com- 
] orison  on  Figures  152-155  are  the  results  of  solution  of  corresponding  prob- 
lems withou^  migration,  obtained  within  the  framework  of  the  Stefan  problem. 

In  that  case  the  curves  of  the  distribution  of  moisture  over  the  depth  of  the 
seasonally  thawing  layer  represent  the  straight  lines  w = w(  . 

As  follows  from  the  examination  of  Figures  152  and  153,  under  fixed  climatic 
conditions  the  heaving  of  the  ground  increases  sharply  with  increase  of  the 
inflow  of  water  above  the  frost.  Thus,  in  the  absence  of  an  inflow  of  moisture 
a seasonally  thawing  layer  freezes  completely.  In  that  case,  in  connection 
with  the  gradual  cooling  of  the  ground  in  the  presence  of  the  harmonic  <K"T) 
and  considerable  initial  moisture  near  the  surface,  an  ice  layer  with  a thick- 
ness of  2-4  cm  forms.  In  the  pirocess  of  further  freezing  the  heaving  practic- 
ally ceases  and,  as  follows  from  Figures  154  and  155,  soil  with  little  ice  on 
the  whole  forms.  However,  in  the  case  of  contantly  acting  waters  on  top  of 
frost  the  seasonally  thawing  layer  freezes  only  partially  and  the  heaving  oc- 
curs extremely  intensively.  It  is  essential  that  under  the  given  conditions 
the  heaving  is  mainly  connected  with  the  formation  inside  the  seasonally  thaw- 
ing layer,  at  the  base  bf  the  frozen  layer,  of  a thick  ice  layer.  It  must  be 
noted  that  under  the  conditions  adopted  in  the  calculations  the  formation  of 
the  indicated  ice  layer  occurs  independently  of  the  amplitude  of  oscillations 
of  the  air  temperature  at  a distance  of  about  0.5  meter  from  the  water-bearing 
hor izon. 


The  freezing  of  a seasonally  thawing  layer  in  the  presence  of  a continuous 
character  of  feeding  of  waters  on  top  of  the  frost  depends  on  the  values  of 
and  ^ *s  °bvious  that  before  the  level  starts  to  fall  the  process 

of  freezing  coincides  completely  with  the  case  just  considered.  It  is  evident 
from  Figures  1 5 1 and  152  that  at  A"  = 1450  hours  the  level  of  waters  on  top 
of  the  frost  starts  to  fall  after  the  ice  layer  forms  inside  the  seasonally 
thawing  layer.  However,  later,  since  in  the  selected  regime  of  waters  on  top 
of  the  frost  the  lowering  of  their  level  substantially  outruns  the  rate  of 
freezing,  an  intensive  drying  of  the  rest  of  the  thawed  part  of  the  seasonally 
thawed  layer  occurs.  As  a result  of  that  the  seasonally  thawed  layer  freezes 
completely  and  the  ground  near  the  base  of  that  layer  proves  to  contain  little 
ice. 


Thus  by  using  such  calculations  when  the  values  of  A'j  and  Af.,  vary  it  is  pos- 
sible to  quantitatively  estimate  the  change  of  the  cryogenic  structure  and 
heaving  on  different  sections  depending  on  the  regime  of  waters  on  top  of  the 
frost,  which  are  determined  by  the  relief  and  the  time  of  freezing  of  feeding 
regions.  Comparison  of  the  results  of  calculation  at  different  values  of  A 
(Figures  153  and  154)  make  it  possible  to  find  the  dependence  of  the  distribu- 
tion of  the  ice  content  over  the  section  of  the  seasonally  thawing  layer  on 
the  value  of  A . It  must  be  noted  that  in  contrast  with  seasonal  freezing, 
when,  other  conditions  being  equal,  a widely  known  regularity  of  decrease  of 
ice  content  with  increase  of  the  freezing  rates  is  noted,  during  the  freezing 


'>i  seasonally  thawing  layers  th«  j icture  is  coop  Heated.  this  is  iilu  trated 
very  graphically  by  calculations  in  the  absence  of  waters  on  toj  of  the  frost. 
Actually,  at  the  start  of  freezing,  when  the  difference-  in  the  dimensions  - f 
seasonally  thawing  layers  does  not  start  to  have  an  influence,  the  ice  content 
obt. lined  in  calculations  with  different  values  of  A is  completely  subject  to 
the  indicated  law.  However,  during  further  freezing,  because  the  thickness 
of  a seasonally  thawing  layer  decreases  with  decrease  of  A , the  dependence 
of  ice  formation  on  A becomes  the  reverse  --  at  the  same  3epth  the  ice  con- 
tent is  lower  at  smaller  values  of  A . Actually,  increase  of  the  intensity 
of  ice  formation  at  the  start  of  freezing  with  decrease  of  A lead^,  if  the 
dependence  of  tht.  thickness  of  the  seasonally  thawing  layer  on  A is  taken 
into  consideration,  to  a more  rapid  drying  of  the  underlying  part  of  that 
layer.  In  the  same  cases,  when  at  the  base  of  the  seasonally  thawi”g  layer 
there  are  waters  on  top  of  the  frost,  the  dependence  of  ice  formation  i.>  the 
depth  of  a seasonally  thawing  layer  on  A is  complicated  in  connection  with 
the  formation  of  an  internal  ice  layer.  In  that  case,  however,  since  at  small 
values  of  A (and  in  the  presence  of  small  seasonally  thawing  layers)  the  for- 
mation of  an  ice  layer  occurs  closer  to  the  surface,  on  the  whole  the  general- 
ly accepted  dependence  of  the  intensity  of  ice  formation  on  the  value  of  A 
is  preserved.  As  follows  from  Figures  152  and  153,  in  the  presence  of  non- 
freezing  waters  on  top  of  the  frost  at  the  base  of  the  seasonally  thawing 
layer  the  total  amount  of  heaving  at  A = 10°  is  20  cm  larger  than  at  A = 20°. 

O Q ~ 

whereas  a surface  ice  layer  differs  insignificantly  at  the  indicated  values 

of  A . 

o 

Thus  the  solution  of  the  problem  of  the  freezing  of  seasonally  thawed  layers 
with  consideration  of  moisture  migration  with  a computer  makes  it  possible  to 
investigate  rather  completely  a number  of  extremely  complex  phenomena  of  ; rac- 
tical  importance  connected  wittf  change  of  the  cryogenic  structure  in  freezing 
ground.  The  solution  of  such  problems  in  series  with  different  regimes  of 
the  waters  on  top,  of  the  frost  permits  making  a frost  forecast  for  rather  large 
areas,  bypassing  the  unwieldy  calculations  of  multidimensional  problems 
difficult  in  practice  at  the  present  time. 

4.  Investigation  of  the  Freezing  of  Soil  With  Moisture  Migration  by  Means 

of  a Self -model ing  Solution 

It  is  advisable  to  solve  a problem  of  the  freezing  of  soil  with  moisture  mi- 
gration in  the  general  case,  because  of  unwieldiness,  selectively  in  order  to 
obtain  reference  data,  and  only  in  cases  where  the  conditions  'f  self -model ing 
are  known  not  to  occur.  Typical  examp  les  of  such  problems  are  investigations 
of  heat  and  mass  transfer  during  freezing  of  a seasonally  thawing  layer,  dur- 
ing freezing  from  below,  under  the  conditions  of  a multifront  problem,  etc. 

At  the  same  time,  in  a considerable  number  of  cases  in  solving  problems  of 
frost  prediction,  to  obtain  estimates  it  is  possible  to  limit  onself  to  solv- 
ing a self-model ing  problem. 

To  appily  a self -model ing  solution  in  concrete  cases  it  is  necessary,  while 
preserving  all  the  above- ind icated  main  properties  of  soils  (the  presence  of 
unfrozen  water  and  variability  of  the  heat  and  nuss  exchange  characteristics), 
to  only  average  the  boundary  conditions  in  the  equations  of  thermal  and 
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moisture  conductivity.  If  it  is  taken  into  consideration  that  ice  accumu- 
lation is  inversely  proportional  to  the  rate  of  movement  of  the  front,  it  is 
possible  to  take  as  the  boundary  temperature  a certain  overstated  value,  ob- 
taining in  that  case  the  ice  content  with  a certain  reserve. 

We  will  examine  the  application  of  a self -model ing  solution  of  the  problem  of 
freezing  with  moisture  migration  in  both  a very  simple  formulation  (without 
consideration  of  heaving)  and  in  a complete  formulation  for  quantitative  in- 
vestigation of  some  regularities  of  the  process. 

/Determination  of  the  value  of  the  moisture  content  of  the  threshold  of  heav- 
ing by  means  of  a very  simple  self-model ing  solution  of  a non-linear  problem 
of  freezing  with  moisture  migration/.  The  exclusion  of  heaving  from  the  for- 
mulation of  the  problem  in  a very  simple  self-model ing  solution  substantially 
limits  the  area  of  its  applicat ion.  At  the  same  time,  even  by  means  of  a very 
simple  self -model ing  solution  it  is  possible  to  solve  a number  of  important 
questions  connected  with  predicting  heaving.  In  particular,  by  means  of  such 
calculations  it  is  poss ible  to  quant itat ively  determine  the  connection  between 
the  boundary  conditions  in  temperature  and  moisture  problems  and  the  heaving 
hazard  of  soils. 

Under  constant  boundary  conditions  for  each  value  of  the  initial  moisture  con- 
tent it  is  possible  to  indicate  a "critical"  temperature  on  the  surface  such 
that  at  all  higher  (but  negative)  boundary  temperatures  freezing  will  be  ac- 
companied by  heaving,  and  at  lower  temperatures  heaving  will  be  absent.  The 
concept  of  the  heaving  threshold  will  be  used  below  precisely  in  that  sense, 
which  is  convenient  from  the  point  of  view  of  heaving  prediction.  A criterion 
of  the  fact  that  under  the  given  concrete  conditions  freezing  will  be  accom- 
panied by  heaving  is  the  exceeding  of  the  total  moisture  capacity  by  the  total 
moisture  content  obtained  as  a result  of  solution  of  the  self-modeling  problem. 
Let  us  note  once  more  that,  if  the  indicated  exceeding  is  large,  the  obtained 
solution  (since  heaving  is  not  considered  in  its  formulation)  is  purely  formal 
and  has  no  practical  value  (see  section  ll.  Chapter  3). 

The  simp  licity  of  solution  of  the  self -mode  1 ing  problem  permits  making  serial 
calculations  of  the  freezing  of  moist  finely  dispersed  soils  under  different 
boundary  conditions  and  for  real  heat- and  mass-transfer  characteristics  of  the 
medium.  As  an  illustration  let  us  examine  the  results  of  calculations  of  the 
cryogenic  structure  as  a function  of  the  initial  moisture  content  and  climatic 
conditions.  The  calculations  were  made  with  the  same  values  of  the  heat-  and 
mass-transfer  characteristics  as  above  (section  1).  The  initial  temperature 
of  the  ground  over  all  its  depjth  is  assumed  to  be  1 C. 

The  moisture  content  of  the  heaving  threshold  w^  at  each  given  value  of  the 
total  moisture  capjacity  w is  found  in  the  following  manner.  First,  from  the 
obtair.Sd  results  of  calculation  of  the  non-linear  self -model  ing  problem  is 
found  the  dependence  of  the  total  moisture  content  in  the  frozen  rock  mass  w 
as  a function  of  the  natural  moisture  content.  Then  on  a curve  corresponding 
to  the  given  value  of  T a point  is  sought  at  which  w^  “ w ^ , after  which 
the  value  of  the  natural  moisture  content,  which  also  is  t$essought  w^  , is 
determined  directly. 


The  thus-obtained  values  of  Che  moisture  content  of  the  heaving  threshold 
as  a function  of  the  continental  character  at  those  values  of  the  total 
moisture  capacity  are  presented  on  Figure  156.  It  is  evident  from  it  that 
during  increase  of  the  average  annual  temperature  the  value  of  the  heaving 
threshold  increases  by  more  than  10%,  and  with  increase  of  the  total  moisture 
capacity  of  the  ground  the  value  of  w^  also  increases.  A very  sharp  change 
of  the  heaving  threshold  as  a function  of  climatic  conditions  occurs  at  small 
amplitudes  of  the  temperature  of  the  surface  and  is  practically  stabilized  at 
amplitudes  higher  than  20°  (1  = -12.13°).  As  calculations  have  shown,  the 

change  of  the  initial  ground  temperature  in  rather  broad  limits  (1-2°)  has  an 
insignificant  effect  on  either  the  depth  of  freezing  or  the  amount  of  the  ice 
content  in  the  frozen  zone.  At  the  same  time  the  change  of  the  coefficients 
of  potential  and  thermal  conductivity  of  the  frozen  ground  has  a sharp  influ- 
ence on  the  results  of  the  solution,  primarily  on  the  ice  saturation  of  the 
frozen  ground  and,  consequently,  the  moisture  content  of  the  heaving  threshold. 
That  circumstance  is  of  great  importance  from  the  point  of  view  of  the  applic- 
ability of  various  approximate  solutions  of  the  problem  of  freezing  with  mois- 
ture migration,  since  in  them  the  indicated  parameters  are  assumed  to  be  con- 
stant (in  that  case  the  problem  is  linearized). 


Figure  156.  Dependence  of  the  value 
of  the  moisture  content  of  the  heaving 
threshold  w^  on  the  continental  char- 
acter of  the  climate  with  different 
values  of  the  total  moisture  capacity 
in  non-linear  (1-3)  and  linear  (4-6) 

formulations:  1 --  w = 40%;  2 --  w = 

60%;  3 — w - 80%;  4t--  K(w)  = K(40t%); 

5 --  K(w)  =K (30%) ; 6 --  K(w)  = K(20%). 


In  connection  with  that,  for  quantitative  estimation  of  the  possibility  of 
using  such  approximate  solutions  in  finding  the  heaving  threshold,  correspond- 
ing calculations  were  made  of  a linearized  self -model ing  problem.  The  latter 
is  obtained  from  the  preceding  (non-linear)  problem  during  replacement  of  the 
parameters  dependent  on  temperature  and  moisture  K(w),  (t , w ) w^ ^ (t )]  by 
certain  averaged  values. 

The  results  of  calculations  of  the  value  of  the  heaving  threshold  obtained  in 
solving  the  problem  in  a linear  formulation  at  T = -5.76  (which  corresponds 
to  an  amplitude  of  temperature  oscillations  on  tfie  surface  of  the  ground  of 
10  ) are  also  presented  on  Figure  156.  In  that  case  the  coefficient  of  ther- 
mal conductivity  of  frozen  ground  was  assumed  to  be  1 kca 1/ (m)  (hr ) (degree) 
and  the  phase  transitions  of  water  in  the  range  of  negative  temperatures  were 
eliminated  from  consideration.  The  examination  was  conducted  at  different 
values  of  the  coefficient  of  potential  conductivity.  The  remaining  parameters 
were  assumed  to  be  the  same  as  in  the  above-considered  nonlinear  formulation. 
For  convenience  the  values  of  the  potential  conductivity  were  selected  by 
starting  from  the  exponential  dependence  of  K(w)  at  different  fixed  values 
of  w (w  “ 20,  30  and  40%),  indicated  in  section  3 of  this  chapter.  Since 
K(w)  is  a sharply  increasing  function  of  w,  and  the  latter  in  the  process  of 
freezing  is  known  to  be  below  the  limit  of  rolling  (20%)  and  not  more  than 
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w , K(20%)  and  K(40%)  correspond  to  the  smallest  and  largest  (at  w^_  = 40%) 
possible  values  of  the  potential  conductivity.  As  follows  from  the  presented 
results,  the  process  of  freezing  and  ice  formation  is  extremely  sensitive  to 
the  value  of  the  potential  conductivity  of  the  ground.  In  that  case  reduction 
of  the  coefficient  of  potential  conductivity,  other  conditions  being  equal, 
leads  to  a sharp  increase  in  the  value  of  the  heaving  threshold,  and  the  re- 
verse. In  the  nonlinear  problem,  just  as  in  the  linear,  increase  of  leads 

to  a reduction  of  the  value  of  w.  , but  during  linearization  that  dependence 

n - 1 * 

increases  sharply  in  proportion  to  reduction  of  the  potential  conductivity. 

At  the  same  time  the  selection  of  the  coefficient  of  thermal  conductivity  of 
the  frozen  ground  plays  a considerable  role  in  freezing  with  migration.  In 
that  case,  reduction  of  the  coefficient  of  thermal  conductivity  (in  relation 
to  the  thermal  conductivity  of  frozen  ground,  which  actually  forms  as  a result 
of  freezing)  leads  to  increase  of  the  ice  content  and,  consequently,  to  a re- 
duction of  the  heaving  threshold,  and  the  reverse.  It  must  be  stressed  that 
change  of  those  coefficients  of  heat  and  mass  transfer  in  one  direction  leads 
to  a certain  self-compensation.  Very  great  error  corresponds  to  the  case  where 
the  taken  value  of  one  of  the  coefficients  is  understated  and  that  of  the  other 
is  overstated. 


Thus  the  use  of  approximate  methods  of  calculating  a linearized  problem  of 
freezing  with  migration  (at  constant  parameters)  can  lead  to  considerable  er- 
rors and  in  essence  is  impossible  without  preliminary  determination  of  the 
values  of  those  coefficients  optimal  for  those  conditions. 


/Solution  of  the  se lf-model ing  problem  of  freezing  with  moisture  migration 
with  consideration  of  heaving  and  the  formation  of  ice  interlayers/.  This 
problem  was  solved  for  three  types  of  finely  dispersed  soils  with  different 
moisture-retaining  capacity  and  substantially  different  coefficients  of  po- 
tential conductivity.  In  all  cases  the  dependence  of  the  curve  of  unfrozen 

water  on  the  temperature  was  taken  in  the  form  w (t)  = a (b  - t)"*,  where 
r un  o o 

a and  b are  constants  determined  with  experimental  data.  Similar  is  the 

dependence  of  X^  on  the  total  moisture  content  wt  in  the  form  (a  + 


+ b^w^),  where  a^  and  b^  are  constants  defined  by  the  SNIP  (Construction  Norms 

and  Regulations),  and  also  from  the  condition  that  at  = 100%  A ^_  ( 1 ) = A^  = 

* 2 kca 1/ (m) (degree  ) (hr ).  According  to  V.  R.  Gardner  (1958)  the  function 
K(w)  was  approximated  for  all  grounds  in  the  form  of  a , exp  [b^w],  where  a, 


and  b9  are  constants.  The  initial  temperature  of  the  medium  was  assumed  to 
be  3 C in  all  cases.  Data  characterizing  the  composition  of  the  soils 
adopted  in  the  calculations  and  also  the  thermophysical  characteristics  are 
presented  in  Table  80.  The  temperatures  adopted  for  the  start  of  freezing 
of  light  loam,  light  clay  and  medium  loam  were  -0.2,  -0.2  and  0°C  respectively. 


The  results  of  the  calculations  of  the  se If -model ing  problem  of  freezing  with 
consideration  of  moisture  migration  and  heaving  as  a function  of  the  conditions 
of  freezing  and  the  initial  moisture  content  (other  conditions  being  equal) 
for  light  and  medium  loam  are  presented  on  Figures  157  and  158*.  In  finding 

*For  light  clay  with  a low  moisture-retaining  capacity,  the  influence  of  mi- 
gration at  T^  < -i°  is  relatively  small. 
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Table  80  Thermophysical  characteristics  of  loams  and  clay  adopted  in 
calculations 
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the  dependence  of  the  ice  content  w and  also  the  parameters  x and  3 charac- 
terizing the  thickness  of  the  frozen  ground  and  the  amount  of  heaving  on  the 
temperature  on  the  surface  T (Figure  157),  the  initial  moisture  content  was 
assumed  to  be  0,9  w,.  For  tfie  soils  under  consideration  this  is  51,3,  45  and 
36%  respectively.  In  addition,  for  a quantitative  estinate  of  the  influence 
of  consideration  of  heaving  on  the  solution  of  the  self-modeling  problem,  on 
Figure  157  also  are  plotted  the  ice  content  values  obtained  for  light  loam  as 
a result  of  solution  of  the  corresponding  simplified  problem.  It  is  obvious 
that  the  exclusion  of  heaving  from  the  formulation  of  the  problem  leads  to 
overstated  values  of  the  ice  content  forming  in  the  freezing  layer.  In  par- 
ticular, with  reference  to  medium  loam,  solution  of  the  corresponding  problem 
without  consideration  of  heaving  under  the  same  freezing  conditions  leads  to 
absurd  values  of  the  total  moisture  content  by  volume,  considerably  larger 
than  unity. 

As  is  evident  from  Figures  157  and  158,  the  heaving  which  arises  during  the 
freezing  of  medium  loam  is  considerably  greater  than  under  analogous  condi- 
tions for  light  loam.  In^addit  ion,  at  = 0.9  w^.  for  soil  of  light  loam  the 
heaving  ceases  at  T(i  ~ -8,  whereas  for  medium  loam  it  is  known  to  occur  even 

at  T < -10  . This  is  mainly  connected  with  the  fact  that,  as  follows  from 

o 

Table  80,  the  value  of  the  coefficient  of  potential  conductivity  for  light 
loam  on  the  whole  is  far  sm.il  ler  than  for  medium  loam.  At  the  same  time,  as 
was  to  be  expected,  upon  decrease  of  T or  w the  results  of  solution  of  the 
problem  of  freezing  with  moisture  migration  both  with  consideration  of  heaving 
and  in  a simplified  formulation  converge. 
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Figure  157.  Dependence  of  the  para- 
meters of  heaving  ((*),  the  thickness 
of  the  frozen  zone  (<*■  + 3)  and  the 
ice  content  (k)  on  the  temperature 
of  the  surface  T for  light  and  me- 
dium loam  (broken):  Results  of  cal- 
culation of  the  problanwith  (1)  and 
without  (2)  consideration  of  heaving. 


Figure  158.  Results  of  self -mode ling 
problem  with  consideration  of  heaving 
for  light  and  medium  (broken  line) 
loam  at  different  moisture  contents 
for  T = -5  C.  Designations  as  on 
Figure  157. 


Thus  the  cryogenic  structure  and  heaving  during  freezing  in  self-model ing  con- 
ditions depend  substantially  on  the  heat-  and  mass-transfer  characteristics  of 
the  medium.  It  is  obvious  that  this  presents  definite  requirements  for  pre- 
cision in  finding  those  parameters.  However,  the  finding  of  K = K(w)  involves 
serious  difficulties  and  at  values  of  w close  to  w the  experimental  error 
increases  sharply.  In  connection  with  that  it  is  of  interest  by  means  of  a 
self-model ing  solution  to  quantitatively  estimate  with  what  precision  it  is 
necessary  to  determine  the  coefficient  of  potential  conductivity  in  laboratory 
conditions.  For  that  purpose,  for  the  above-indicated  soils  a conparison  was 
made  of  the  results  of  calculations  of  the  problem  of  freezing  with  moisture 
migration  with  consideration  of  heaving  at  different  values  of  K(w).  All  the 
other  parameters  of  the  process  of  heat  and  mass  exchange  are  assumed  to  be 
constants.  For  simplicity  the  solution  was  made  for  K(w)  obtained  from  cor- 
responding experimental  curves  of  K (w)  (Table  81)  by  multiplication  by  a 
certain  number. 


The  results  of  solution  of  such  a problem  for  jK  (w),  j ■ 1,  2 and  5 under 
different  conditions  of  freezing  (T  » -0.5  and  -5°)  are  presented  in  Table 
81  for  all  the  soils  under  consideration.  It  was  assumed  that  w^  = 0.95  w^. 
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It  follows  directly  from  the  obtained  results  that  for  soils  in  which  wf  - 
- w 15%  the  requirements  for  precision  of  determination  of  K (w)  muse  be 
rattier  high.  At  the  same  time  the  indicated  circumstance  depen3s  to  a cer- 
tain degree  on  the  freezing  conditions.  Thus,  for  medium  loam  even  at  1 >w 
temperatures  of  the  surface  (T  < -10°)  very  small  changes  of  K (w)  lead  to 
a jharj  change  of  the  cryogenic  structure#  For  light  loam,  however^  such  a 
picture  is  noted  only  at  T not  below  -2  to  -3  , whereas  at  T < -5  the  dif- 
ferenci.  (absolute)  in  the  ice  content  upon  increase  of  K (w)  ’by  100%  does 
not  exceed  2%.  At  the  same  time,  for  silty  clay  (with  a low  moisture-retain- 
ing capacity)  a noticeable  difference  in  ice-saturation  during  such  a change 
of  K(w)  occurs  only  during  slow  (T  > -1  ) freezing.  Along  with  that,  as  is 
evident  from  Tabic  81,  imprec is  ions  in  the  calculation  of  K (w)  have  a still 
greater  effect  on  heaving  (if  it  occurs)  than  on  the  ice  content. 

It  must  be  noted,  however,  that  everything  said  above  is  valid  only  in  cases 
where  freezing  is  not  accompanied  by  the  formation  of  an  ice  interlayer.  As 
calculations  hove  shown,  if  for  any  value  of  K (w)  in  a certain  range  of  A 
an  interlayer  forms  on  the  surface,  then  at  al¥  values  of  K(v)  = nK  (w),  where 
n is  a constant  > 1,  other  conditions  being  equal  an  inter.layer  also  forms. 

In  that  case,  in  accordance  with  section  12  of  Chapter  3,  the  increase  of  K(-,:) 
leads  only  to  a corresponding  Increase  in  the  moisture  content  of  the  soil. 

A quant itat ive  illustration  of  that  is  the  freezing  of  medium  loam  at  A = 0.3° 
and  K(w)  = jK  (w),  j ■ 2 and  5,  when  an  ice  interlayer  forms  on  the  surface. 
Let  us  note  tfiat  for  the  indicated  cases  the  moisture  content  on  the  surface 
of  the  ground  is  26.7  and  32.2%  respectively  (at  w^  - 20%). 

Thus  the  presented  calculations  show  that  wl  en  heaving  is  taken  into  consid- 
eration in  a self-modeling  solution  the  latter  permits  investigating  the  pro- 
cess of  freezing  of  finely  dispersed  soils  under  any  conditions  of  freezing. 

At  the  same  time  the  results  of  such  calculations  convincingly  affirm  the  need 
to  conduct  extensive  experimental  work  to  determine  the  coefficients  of 
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potential  conductivity  with  sufficiently  high  precision.  It  the  com]  lexity 
of  such  experiments  is  taken  into  consideration,  self-modeling  solution  can 
be  successfully  used  to  plan  them. 

4.  Solution  of  the  Problem  of  the  Thawing  of  Coarsely  Dispersed  Rocks  With 
Consideration  of  the  Infiltration  of  Summer  Precipitations  (by  Digital 
Computer ) 

One  of  the  urgent  problems  of  heat  and  mass  exchange  in  soils  is  study  of  the 
dynamics  of  thawing  with  consideration  of  convective  heat  transfer  in  the 
thawed  zone.  The  influence  of  filtrational  flows  is  expressed  especially 
str  'ngly  on  the  rate  of  thawing  of  well-permeable  coarsely  dispersed  rocks. 

Under  certain  conditions  the  infiltration  of  summer  ; rec ipitat  ions  can  play 
a decisive  role  in  the  dynamics  of  thawing.  That  fact,  in  particular,  is 
widely  used  in  the  practice  of  working  of  placer  deposits  and  the  construction 
of  industrial  and  civil  objects  on  the  territory  of  Siberia  and  the  Extreme 
North  and  Northeast  of  the  USSR. 

There  are  a number  of  approximate  solutions  of  the  problem  under  consideration 
which  nuke  it  possible  to  find  the  maximal  value  of  the  depth  of  thawing  of 
soil  during  given  courses  of  the  air  temj erature  and  quantities  of  infiltrat- 
ing precipitations  (section  8,  Chapter  5).  It  is  a shortcoming  of  such  solu- 
tions that  in  them  the  process  of  infiltration  is  linearized  and  in  essence 
is  considered  independently  of  heat  exchange,  as  a result  of  which  the  prob- 
lem is  solved  by  superposition.  At  the  same  time,  such  an  approach,  with  all 
its  s imp  1 ic ity , can  be  successfully  applied  for  preliminary  estimates  in  a 
frost  survey.  The  influence  of  infiltration  on  the  course  of  thawing  was 
also  investigated  by  C.  Z.  Perl'shteyn  (1968)  and  V.  T.  Balnbayev  (1964). 

Since  atmospheric  precipitations  are  intermittent,  a region  of  seepage  with 
mobile  boundaries  periodically  forms  and  disappears  in  a thawed  layer.  For 
convenience  it  is  assumed  that  in  the  ground  not  more  than  one  region  of  seep- 
age can  simultaneously  exist  in  the  ground,  that  Is,  the  next  rain  starts  af- 
ter the  preceding  precipitations  have  been  "absorbed"  by  a water-bearing  hori- 
zon. If  the  considerable  rate  of  seepage  is  taken  into  consideration,  that 
assumption  in  the  problem  of  thawing  of  soils  in  the  region  in  which  perma- 
frozen  rocks  are  prevalent  is  natural.  Fluctuations  of  the  level  of  ground 
waters  are  determined  by  the  ratio  of  inf i ltrat Iona  1 feed  and  excessive  "lat- 
eral" runoff,  which  Is  given  as  a function  of  time.  Generally  accepted  assump- 
tions have  also  been  made  that  the  tempera tui  e of  the  infiltrating  water  and 
of  the  skeleton  of  the  ground  are  equal  and  that  the  precipitations  start  to 
fall  after  the  thawing  has  reached  a certain  finite  depth.  In  addition,  for 
simplicity  the  capillary  rim  is  replaced  by  a layer  of  water-saturated  soil 
with  a thickness  II,  equivalent  in  the  quantity  of  water.  With  consideration 
of  what  was  said  above,  the  scheme  of  the  distribution  of  moisture  by  depth 
in  the  thawed  zone  will  assume  the  form  depicted  on  Figure  159. 

A m.i  thenvit  ica  1 formulatidi  and  algorithm  for  the  numerical  integration  of  a 

single-front  problem  of  thawing  with  consideration  of  infiltration  upon  the 

indicated  assumptions  for  an  arbitrary  number  of  rains  in  a summer  period 

(F  t ' t ) were  presented  in  the  work  of  V.  G.  Melamed  and  G.  Z.  Perl'- 
o sum 

shteyn,  1971).  To  estimate  the  influence  of  infiltration  on  the  dynamics  of 
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Figure  159.  Schematic  diagram  of  the  Figure  160.  Dynamics  nf  thawing  in 

distribution  of  moisture  by  depth  in  time  under  different  conditions  of 

the  presence  of  a seepage  zone.  infiltration  (explanations  in  text). 

a --  X,  1000  hrs 


seasonal  thawing  in  coarsely  dispersed  soils  we  will  examine  some  results  of 
solution  of  the  corresponding  problem  without  consideration  of  evaporation. 
The  problem  was  solved  under  the  following  boundary  conditions  and  with  the 
following  characteristics  of  the  medium:  the  air  temperature  varies  in  ac- 
cordance with  the  sinusoidal  law: 
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Here  a (T),  b (T)  and  T (see  Figure  159)  are  the  upper  and  lower  boundar- 
k k k 

ies  of  the  seepage  zone  and  the  time  of  start  of  fall  of  the  k-th  portion  of 
the  precipitations  respectively  (k  -Z  1),  (t)  is  the  upper  boundary  f the 

water-saturated  layer,  and  is  the  filtration  coefficient. 

The  number  of  nodal  points  was  assumed  to  be  100  (the  ste]  in  depth  was  0.1 
m).  The  step  in  time  h was  5 hours  in  the  presence  of  a zone  of  see;, age  and 
20  hours  without  it. 

To  clarify  the  quantitative  influence  of  the  length  of  preci;  it.it  ions  and 
aspects  of  their  fall  on  the  temperature  regime  and  rate  of  thawing,  th«  f l- 
lowing  variants  were  examined: 

1)  all  precipitations,  concentrated  in  the  form  of  a single  rain  lasting  50 
hours  and  with  the  intensity  W = 0.004  m/hr,  fall  in  the  first  half  >f  the 
suirmer  period  (f  =»  1000  hours): 

2)  the  same  rain  falls  in  the  second  half  of  the  summer  (T  = 3300  h >ur^J; 

3)  the  same  thing  occurs  at  the  end  of  the  thawing  (r  = 3800  hours); 

4)  the  start  of  the  fall  of  precipitations  C = 1600  hours,  its  length  is 
1000  hours  and  its  intensity  * 0.0002  m/hr; 

5)  «=  1200  hours,  the  length  is  2000  hours  and  . ^ = 0.0001  m/hr; 

6)  the  precipitations  fall  in  the  second  f;alf  of  the  sunnier  (T  = 2800  hours) 
in  the  form  of  five  rains  lasting  10  hours  each  and  having  the  intensity  of 
0.004  m/hr  each;  the  interval  between  the  rains  is  250  hours  and  the  conclu- 
sion of  the  last  rain  is  3810  hours*. 

Thus  the  sum  of  the  sunnier  atmospheric  precipitations  is  invariable  in  all 
the  variants  and  is  200  nvn.  For  comparison,  a seventh  variant  was  also  cal- 
culated in  the  absence  of  infiltration.  In  that  case  it  was  assumed  that  the 
water-bearing  horizon  was  absent  Liy(r)  = /(-T)]. 

The  calculations  were  made  with  a BESM-4  computer  of  the  MSI'  Computer  Center. 
The  results  of  the  calculations  of  the  dynamics  of  the  depth  of  thawing  in 
time  in  the  cited  seven  cases  are  presented  on  Figure  160,  on  which  the  curve 
numbers  correspond  to  the  variants.  As  follows  from  its  consideration,  the 
relatively  small  infiltration  assumed  in  the  calculations  has  a substantially 
different  influence  on  the  course  of  thawing,  depending  on  the  conditions  of 
the  precipitation.  Thus,  precipitation  in  the  form  of  a single  brief  rain 
(curves  1-3)  leads  to  increase  of  the  depith  of  seasonal  thawing  in  comparison 
with  the  case  without  infiltration  (curve  7)  by  10,  24  and  16  cm  respectively. 
In  that  case,  in  the  first  case  (Infiltration  in  the  first  half  of  the  sunmer), 


*In  the  fourth  and  fifth  variants  the  long  rains  fall  ir>  the  period  of  high- 
est summer  temperatures. 
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ironed  ia  L - ly  after  the  prec  ipitat ion  falls  the  depth  of  thawing  increases  by 
almost  23  cm  as  compared  with  the  case  without  infiltration,  but  by  the  end 
of  the  summer  period  the  difference  in  depths  of  thawing  decreases,  A some- 
what greater  effect  is  achieved  during  brief  infiltration  in  the  second  half 
of  th<_  summer,  t Tactically  independently  of  the  precipitation  conditions 
(curves  2 and  t>).  It  must  be  noted  that  the  falling  of  prec  ipitat  ions ,.  even 
at  the  end  of  the  thawing  (curve  3),  leads  to  a greater  increase  of  the  depth 
of  thawing  than  infiltration  in  the  first  half  of  the  summer  at  a higher  air 
torn;  era ture . 

Along  with  that  the  lengthy  precipitation  with  a low  intensity  (variants  4 and 
5)  gives  a considerable  increase  of  depth  of  thawing  --  by  41  and  60  cm  respec- 
tively. In  that  case  it  is  essential  that  in  the  latter  cases  the  temperature 
on  the  base  of  the  layer  of  seasonal  thawing  (corresponding  to  the  case  with- 
out infiltration)  increases  considerably  by  the  end  of  the  summer  period  and 
reaches  0.87  and  1.1.’  respectively,  whereas,  for  example,  in  the  former  case 
the  indicated  temperature  does  not  exceed  0.23  . 

Thus  when  the  sum  of  the  summer  precipitations  is  invariable  the  conditions 
of  their  fall  j Lay  an  important  role  from  the  point  of  view  of  a warming  in- 
fluence on  the  seasonally  thawed  layer.  Under  certain  conditions  (in  particu- 
lar, when  the  precipitations  occur  in  short  periods  and  especially  at  the 
start  of  the  summer  period)  in  coarsely  dispersed  soils  the  infiltration  has 
little  practical  influence  on  either  the  depth  of  thawing  or  the  temperature 
regime.  By  the  same  token,  in  the  indicated  cases  the  use  of  generally  ac- 
cepted methods  of  solving  the  Stefan  problem  for  calculations  of  the  seasonal 
thawing  is  completely  justified.  In  the  same  cases,  when  the  precipitations 
are  lengthy,  disregard  of  infiltration  leads  to  a considerable  understatement 
of  the  depth  of  thawing  and  the  average  annual  temperature  of  the  ground. 

5.  Exam}  les  of  the  Solution  of  Problems  of  Frost  Prediction  in  Connection 

With  the  Construction  of  Structures  of  Various  Types  (on  an  Analog  Computer) 

The  solution  of  the  problem  of  frost  prediction  in  connection  with  the  economic 
opening  up  of  territory  often  leads  to  a need  to  investigate  a multidimensional 
and  multifront  problem  of  the  Stefan  typje  in  regions  of  a complex  type.  Typi- 
cal examples  of  problems  of  that  kind  are  the  questions,  considered  below, 
of  calculation  of  the  basin  of  thawing  under  buildings  erected  in  a region 
in  which  p.remaf rost  is  prevalent,  aureoles  of  thawing  and  freezing  around 
buried  gas  and  petroleum  pipelines,  etc,  and  also  in  finding  the  configuration 
of  the  boundaries  of  frost  under  natural  conditions  in  regions  with  a complex 
relief.  It  is  obvious  that  the  investigation  of  questions  of  this  type  in 
general  presents  considerable  difficulties  and  is  possible  only  with  the  use 
of  computers. 

In  the  formulation  of  such  problems  the  question  arises  first  of  the  selection 
of  a calculating  procedure,  in  particular  of  designating  the  area  of  investi- 
gation, the  boundary  conditions,  etc.  Of  course,  those  questions  must  be 
solved  specially  in  each  concrete  case.  However,  as  jjract  ice  in  calculating 
multidimensional  Stefan  problems  has  shown,  there  are  some  adequate  conditions 
which  permit  simplifying  the  calculating  procedure.  In  particular,  if  the 
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S'Hirce  of  disturbance  of  the  temperature  field  appears  in  the  plane  of  a 
rectangle  with  a ratio  of  the  sides  of  not  less  than  3:1,  then  the  heat  fluxes 
along  the  building  are  negligibly  staj  1 1 (except  the  ends,  the  influence  of 
whicn  is  snu  1 1 ) in  comparison  with  the  heat  fluxes  in  transverse  direction. 

The  situation  is  similar  with  cylindrical  sources  of  disturbance  of  consider- 
able extent,  etc.  What  has  been  said  above  is  of  great  importance,  as  when 
those  conditions  are  fulfilled  the  problem  can  be  reduced  to  a two-d inens ion- 
al  one,  which  considerably  simplifies  the  calculations.  In  addition,  in  a 
considerable  number  of  cases  the  temperature  field  in  the  base  of  a structure 
has  symmetry  in  a given  direction.  Under  those  conditions  the  area  of  inves- 
tigation can  be  reduced  by  half,  which  is  important  from  the  point  of  view  of 
increasing  the  precision  of  calculations.  In  that  case  on  the  axis  of  sym- 
metry conditions  of  isolation  can  be  given,  that  is,  equality  of  the  flux  to 
zero.  On  the  bounding  surface  (far  from  sources  of  disturbance),  depending 
on  the  type  of  problem  either  the  characteristic  ground  temperature  (with  con- 
sideration of  the  temperature  shift)  or  the  geothermal  gradient  or  the  condi- 
tions of  isolation  are  given.  As  an  illustration  we  will  examine  the  solution 
of  some  problems  of  forecasting  typical  of  geocryology  in  connection  with  the 
change  of  frost  conditions. 

1.  Solution  of  the  Problem  of  the  Dynamics  of  the  Thawing  Basin  in  the 
Foundation  of  Buildings  Erected  on  Permafrozen  Soils 

We  will  examine  the  solution  of  a problem  of  the  formation  of  a thawing  basin 
under  a building  32  meters  long  by  8 meters  wide  in  the  region  of  Yakutsk. 

It  is  assumed  that  the  temperature  in  the  building  is  constant  during  the  year 
and  equal  to  12  C,  the  thermal  resistance  of  the  field  is  0.428  hour-degree/ 
kcal,  the  ground  temperature  at  the  depth  of  zero  annual  amplitudes  is  4.5°, 
and  the  initial  (15  April)  temperature  distribution  by  depth  for  the  entire 
region  of  investigation  was  taken  on  the  basis  of  weather  data  for  15  October. 
The  thermophysical  characteristics  of  the  ground  (silty  loam)  are  presented 
in  Table  82.  The  problem  is  solved  as  two-dimensional  (in  the  plane  perpen- 
dicular to  the  longitudinal  axis  of  the  building),  with  consideration  of  sym- 
metry. A rectangle  with  a cross-section  29  x 37  m“  in  size  is  taken  as  the 
area  of  investigation. 
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Thermophysic.il  characteristics  of  soil  adopted  in  calculations 
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Key:  A - Characteristic  B - Symbol  C - Numerical  value  D - Dimen- 

sions 1 - Specific  gravity  of  skeleton  of  the  ground  a - kg/rr 

2 - Moisture  content  of  soil  as  % of  weight  of  skeleton 

3 - Freezing  temperature  of  the  soil  4 - Ice  content  of  the  soil 

5 - Latent  heat  of  fusion  of  ice  ner  unit  of  volume  of  the  soil 
">  * 

b - kcal/m  6 - Volume  heat  capacity  of  thawed  soil  c - kcal/ 

(m  ) (degree  7 - The  same  of  frozen  soil  8 - Coefficient  of  thermal 
conductivity  of  thawed  soil  9 - The  same  of  frozen  soil  d - kcal/ 
(m) (degree)  (hr ) 10  - Coefficient  of  heat  transfer  from  the  surface 
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We  present  a solution  of  the  indicated  problem  obtained  on  the  hydraulic  inte- 
grator of  V.  S.  Luk 'yanov*.  The  division  of  the  region  of  investigation  into 
blocks  is  presented  on  Figure  161.  The  scale  ratios  between  the  thermal  sys- 
tem and  its  hydraulic  model  adopted  in  the  calculations  are  presented  in  Table 
83. 


Table  83  Scale  ratios  between  thermal  system  and  its  hydraulic  model  adopted 
in  calculations 
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crm.nl  process  C - In  hydraulic 

process  reproducing  it  1 - Height  scale  a - Temperature  --  1°C 
l)  Head  --  1 cm  2 - Resistance  scale  b - Thermal  resistance  -- 
1 (degree) (hr )/kca 1 2)  Hydraulic  resistance  --  3.34  min/cnr  3 - 

Capacity  scale  c - Thermal  capacity  C --  100  kca 1/degree  (Continued) 


*A  solution  of  this  problem  was  described  in  detail  by  M.  D.  Golovko  (1958). 
On  the  method  of  hydraulic  analogies  see  the  work  of  V.  S.  Luk'yanov  and  M. 
I).  Golovko  (1957). 
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Table  83 


Key 


(Coat inued ) 


3)  Hydraulic  capacity  (cross-sectional  area  of  vessel)  --  0.312  cm 

4 - Time  scale  d - Time  --  1 year  4)  Time  --  91.86  minutes 

5 - Scale  of  quantity  of  water  e - Quantity  of  heat  --  1000  kca 1 
5)  Quantity  of  water  --  3.125  cc 


Figure  162.  Diagram  of  zero  isolines 
during  a year  in  periodically  estab- 
lished regime,  a - Distance  from  sur- 
face, m 


Figure  163.  Dynamics  of  change  of 
a thawing  basin  in  the  course  of 
operation,  a - Distance  from  sur- 
face, m b - Limiting  outline 


As  a result  of  solution  of  the  forumulated  problem  on  Figure  162  are  presented 
diagrams  of  the  zero  isolines  in  the  course  of  a year  during  a periodically 
established  thermal  regime  in  the  foundation  of  a building.  In  that  case  it 
is  necessary  to  stress  that,  as  was  to  be  expected,  change  of  the  temperature 
at  the  surface  of  the  ground  near  the  building  has  practically  no  effect  on 
the  contour  of  the  thawing  basin  under  its  central  part,  in  contrast  with  the 
ends*  Presented  on  Figure  163  are  the  dynamics  of  change  of  the  thawing  basin 
in  the  course  of  time  up  to  the  limiting  state,  obtained  under  averaged  con- 
ditions on  the  surface  of  the  ground.  As  is  evident  from  consideration  of  it, 
the  fnrnvition  of  the  basin  occurs  rather  rapidly  --  already  after  5 years  its 
depth  amounts  to  about  85%  of  the  limiting,  and  after  10  years  reaches  95%, 

Of  considerable  practical  interest  is  study  of  the  dependence  of  the  thawing 
basin  on  the  surface  conditions  near  the  building.  To  illustrat  this,  on 
Figure  164  are  presented  the  results  of  calculations  of  the  buiiding  consid- 
ered above,  when  on  both  sides  of  the  building  there  is  an  identical  snow 
accumulation  (in  that  case  symmetry  is  preserved  in  transverse  direction). 

The  snow  accumulation  is  taken  into  consideration  by  proportional  variation 
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of  che  thickness  of  the  natural  snow  cover  by  k times.  Shown  on  Figure  164 
is  the  outline  of  the  thawing  basin  in  the  first  two  years  of  operation  of 
the  building  obtained  as  a result.  As  follows  from  examination  of  it,  the 
presence  of  snow  drifts  near  the  building  sharply  influences  the  outline  of 
the  thawing  basin,  this  being  reflected  both  in  expansion  of  the  basin  and 
in  increase  (true,  to  a lesser  degree  and  with  some  delay)  of  its  depth. 


Figure  164.  Outlines  of  the  thawing 
basin  after  1 (curve  1)  and  2 (curve 
2)  years  of  operation:  3 - insulation 
in  building;  4 - snow.  --  heat 

insulation  of  the  field,  a - Distance 
from  the  surface,  m 


Thus  the  depth  of  the  thawing  basin  of  fairly  large  buildings  can  be  charac- 
terized by  a relatively  stable  thawing  basin  in  a section  under  the  center 
of  the  building.  At  the  same  time  the  thawing  near  the  ends  of  the  building, 
depending  substantially  on  change  of  natural  conditions,  fluctuates  sharply 
within  the  limits  of  a year.  Since  the  depth  under  the  center  of  the  build- 
ing, as  follows  from  the  presented  results,  vary  rapidly  approaches  the  limit- 
ing value  obtained  from  a solution  of  a considerably  simpler  stationary  prob- 
lem, the  question  arises  of  approximate  estimation  of  the  time  when  the  limit- 
ing outline  of  the  basin  is  reached.  From  the  engineering  point  of  view  it 
often  proves  sufficient  to  estimate  the  time  during  which  the  thawing  basin 
reaches  80-90%  of  the  maximum.  It  follows  from  an  examination  of  the  criteria 
of  similar  it v of  the  unsteady  temperature  fields  that  the  time  necessary  for 
formation  of  the  thawing  basin  with  change  of  the  dimensions  of  the  building 
varies  approximately  in  proportion  to  the  square  of  the  ratio  of  the  widths 
of  the  buildings.  This  permits  on  the  basis  of  the  results  of  a single  cal- 
culation obtaining  in  first  approximat ion  in  the  given  region  a time  of  for- 
mation of  thawing  basins  for  different  structures  with  a similar  temperature 
and  heat  insulation  in  them.  Let  us  note  that  the  dependence  of  the  time  ne- 
cessary for  the  formation  of  a thawing  basin  on  the  width  of  the  building  is 
more  precise  the  smaller  the  heat  resistance  of  the  insulating  coverings  on 
building.  As  has  already  been  pointed  out,  the  finding  of  the  limiting  thaw- 
ing basin  under  a building  in  the  presence  of  different  insulations  inside 
and  outside  the  building  but  under  averaged  surface  conditions  is  accomp 1 ished 
fairly  easily  with  either  a digital  computer  or  a model  El-12  or  EGDA  differ- 
ential analyzer. 

Thus,  as  a result  of  serial  calculations  with  a differential  analyzer  a nomo- 
gram was  obtained  for  calculation  of  the  limiting  configurations  of  a thawing 
basin  for  buildings  of  any  width  under  the  conditions  of  symmetry  under  ar- 
bitrary (constant)  boundary  conditions,  insulation  inside  the  building  and 
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any  correlations  of  the  coefficients  of  thermal  conductivity  of  the  ground  in 
the  thawed  and  frozen  states.  The  nomogram  (Figure  165)  consist,  of  a dia- 
gram linking  the  rutin  of  the  greatest  depth  of  thawing  j to  the  building 
width  a with  the  ratio  of  thickness  of  the  thawed  ground  equivalent  in  resis- 
tance to  the  thermal  resistance  of  the  insulation  in  the  building  s to  the 

building  width  for  different  values  of  the  coefficient  rt  = t,  , . - t'/t, 

° bldg  bldg 

- t . Here  t and  t are  the  temperatures  in  the  building  and  on  the  sur- 

o bldg  o 

face  of  the  ground  respectively  and  t'  is  the  temperature  of  the  start  of 
f reez ing. 


S/a 

► 


Figure  165.  Nomogram  for  cal- 
culation of  the  thawing  basin. 


The  greatest  depth  of  thawing  is  calculated  with  the  nomogram  as  follows. 

The  calculating  temperature  in  the  building  t is  replaced  by  the  reduced 

with  the  formula  t ' , = t,  , , (A  /V.).  Then  1 ^the  difference  of  tempera- 

bldg  bldg  t f r 

tures  inside  the  building  and  in  the  ground  at  the  depth  of  constant  tempera- 
tures t.  , , = t is  taken  to  be  100%  and  the  coefficient  & = t ' . - t'/ 
bldg  o bldg 

t'  . - t , which  determines  the  position  of  the  zero  isotherm  under  the 

bldg  o’  r 

center  of  the  building,  is  calculated. 

If  we  calculate  with  the  thermal  resistance  of  the  field  R the  value  of 
s “ R , on  the  basis  of  s/a  and  & we  find  on  the  nomogram  the  ratio  of  the 
depth  of  thawing  to  the  building  width  //a  and  from  that  the  depth  of  maxi- 
mum thawing  im. 
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2.  Calculation  of  the  Thawing  Basin  in  the  Construction  of  Large  Structures 
With  Irregular  Heat  Release 

As  an  example  of  a more  complex  problem  of  the  thawing  basin  we  will  examine 
the  dynamics  of  the  temperature  fields  undvr  a building  of  large  dimensions 
with  irregular  heat  release.  Such  a problem  is  typical  in  the  case  of  large 
industrial  complexes  consisting  of  structures  essentially  different  in  tem- 
perature conditions.  The  results  of  the  calculations  of  the  two-dimensional 
problem  of  the  rate-  of  thawing  of  rocks  in  the'  base  of  a building  58  meters 
wide,  consisting  of  two  sections,  in  the  course  of  70  years  of  operation  are 
presented  on  Figure  166  (according  to  the  work  of  S.  A.  Zamoiotch ikova  and 
V.  G.  Melamed,  1972).  In  the  first  section,  with  a width  of  18  meters,  a 
constant  temperature  of  +60  is  maintained,  and  in  the  second,  40  meters  wide 
of  +20  . It  is  obvious  that  the  indicated  circumstance  excludes  symmetry  of 
the  temperature  field  in  the  ground.  Taken  as  a region  of  investigation  is 
a rectangle  400  x 160  meters  in  size,  and  near  the  surface  a strongly  frac- 
tured layer  with  a thickness  of  3 maters  is  separated,  the  thermophysical 
characteristics  of  which  differ  from  those  in  the  basement  rocks.  To  estinut 
the  dependence  of  the  rate  of  thawing  on  the  quantity  of  phase  transitions  of 
water,  two  variants  of  calculations  with  a different  ratio  of  the  moisture 
contents  in  the  indicated  layers  were  examined,  other  conditions  being  equal. 
The  properties  of  deposits  adopjted  in  calculations  of  the  rate  of  thawing  of 
rocks  are  presented  in  Table  84.  A temperature  of  0 was  given  on  the  lower 
boundary  of  the  region  of  investigations,  which  coincides  with  the  base  of 
the  permafrozen  rocks.  The  distribution  of  the  initial  temperatures  by  depth 
is  presented  in  Table  85. 


Figure  166.  Boundaries  of  the  thawing  of  rocks  in  time  under 
a section  with  positive  t^  and  t at  a moisture  content  of 
the  rocks  of  6%  in  the  first  layer  and  3%  in  the  second  (solid 
line)  and  at  a moisture  content  of  the  rocks  of  18  and  9% 
(broken  line). 


l.i bit*  84  Properties  of  rocks  adopted  in  calculations 
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Table  85  Distribution  of  the  initial  temperatures  of  rocks  by  depth 
A 


r.TyOiin 

B - 

TeMntpaTjpj 


.3.  1 


l .5 


0.5 


Key:  A - Depth,  m B - Temperature,  C 


It  is  natural  that  in  the  first  years  of  operation  a thawing  basin  grows  es- 
pecially rapidly  under  a building  with  a temperature  of  +60  , under  which  by 
the  7th  year  its  depth  reaches  30  meters  (Figure  166).  Under  the  building 
with  a temperature  of  +20  the  depth  of  the  thawing  basin  by  the  7th  year 
changes  from  several  to  20  meters,  increasing  toward  the  central  part  of  the 
warm  section.  Later  the  maximal  thickness  of  the  thawing  basin  gradually 
moves  out  from  under  the  building  with  a temperature  of  +60  toward  the  cen- 
ter of  the  entire  warm  section,  where  by  the  60th  year  it  reaches  70-77.5  ;n. 


The  above-presented  data  permit  saying  that  a permafrozen  rock  truss  with  a 
thickness  of  160  meters  under  a warm  section  completely  thaws  in  not  less 
than  300  years* 


The  moisture  content  of  the  rocks  has  a substantial  influence  on  the  thawing 
rate.  At  a moisture  content  of  the  rocks  in  the  upper  layer  of  18%  and  in 
the  lower  of  6%  in  the  first  year  under  the  section  with  a temperature  of  +60 
the  rate  of  thawing  reaches  9 meters/year,  and  under  the  section  with  a tem- 
perature of  +20°  it  varies  from  5 to  2 meters/yeur.  From  the  5th  to  11th 
years  the  rate  of  thawing  of  the  rocks  becomes  1 or  2 meters/ye>r,  and  by  the 
60th  year  it  decreases  to  0.4-0. 5 meter/year. 


The  divergence  in  the  depths  of  thawing  in  the  60th  year  exceeds  20  meters 
and  still  continues  to  grow. 
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Crmr;  arison  of  thi  results  on  the  thawing  of  rocks  for  variants  with  different 
average  temperatures  on  the  surface  of  -2,  -U  and  -7'  showed  th.it  for  build- 
ings with  such  intensive  heat  release  those  temperatures  hive  little  influence 
on  the  formation  of  a thawing  basin  in  the  course  of  60  years . 

Thus  the  question  of  the  f>  rmition  of  outlines  of  a thawing  basin  under  the 
central  part  of  a building  can  bo  solved  rather  s imj  ly  in  each  concrete  case. 
Making  such  calculations  i an  important  part  of  frost  forecasting  in  the  de- 
velopment of  territory  in  a region  where  permafrozen  rocks  ,ir  prevalent,  as 
it  ermit  Ivi  thi  test!  f the  optimal  elect!  . 1 . nd  I i 

the  same  time,  of  enormous  importance  from  the  point  of  view  of  the  stability 
of  buildings  is  the  dynamics  of  thawing  of  the  ground  on  the  perimeter  if  ,, 
st ructur «. . the  latter,  i I bove , dep<  ibsl  tial ly 

acter  of  the  frost  conditions  outside  the  building. 

The  solution  of  that  general  problem  of  frost  forecasting  in  connection  with 
the  construction  of  structures  leads  to  a need  t examine  an  extremely  com- 
; u x mu It id iffli  ns  i < >na 1 mu ltifrontal  i -stati  ry  r Lem.  me  t i 

its  solution  permits  investigating  the  question  of  toe  selection  f optimal 
conditions  near  the  building  (the  cre.it  ion  of  lawns,  snow  retention,  etc). 

In  addition,  making  such  calculations  gives  a considerable  saving,  as  it  per- 
mits solving  problems  of  frost  forecasting  with  the  use  of  local  materials 
and  makes  it  possible  to  dispense  with  costly  hauling  of  ground  from  special 
quarr  ies . 

i.  Investigation  of  th<  Thermal  Regiim  ft  < Earthei 

Dam  During  Construction  and  Operation 

We  will  examine  a number  of  specific  j roblems  relating  to  frost  which  arise 
if  the  base  of  a dam  and  all  other  structures  is  a thick  miss  of  loose  dep  - 
• it  . , i:.  t frozen  state  t a considerable  degree.  The  • i tioi  v<  been 

studied  on  the  example  of  the  Western  Siberian  lowlands. 

The  most  important  of  those  problems  is  that  of  the  state  and  stability  of 
an  earthen  dam.  It  was  proposed  to  erect  the  dam  by  building  it  up  hydro- 
mechanically  with  local  silty  loam.,,  sandy  loams  and  sands  in  the  course  of 
a number  of  years.  It  was  planned  to  build  it  u;  only  in  the  summer  period. 
Naturally  the  question  arises  of  tht  freezing  <>f  the  embankment  both  in  the 
period  of  the  buildup  and  later,  in  the  period  of  operation  of  the  structure. 

Irregular  freezing  and  possible  thawing,  and  also  the  formation  of  frozen 
interlayers  in  the  body  of  an  earthen  dun  in  the  process  of  its  erection,  can 
lend  to  the  formition  of  undesirable  and  dangerous  glide  planes  and  destruc- 
tion of  the  dam.  In  connection  with  that  the  problem  arises  of  determining 
optimal  working  conditions  which  would  assure  an  absence  of  dangerous  frozen 
interlayers  in  the  body  of  a dam  in  the  construction  period. 

In  addition  it  is  necessary  to  determine  the  thermal  state  of  an  earthen  dam 
at  the  end  of  construction  and  its  change  later,  in  the  operating  period  and, 
in  particular,  determine  the  probability  of  the  formation  of  permafrost  of  the 
body  of  the  earthen  dam. 


A very  essential  aspect  is  solution  of  the  problem  of  the  probable  thawing 
of  .1  basal,  wel 1 -f i Iter ing  coarse  sand  and  pebble  horizon  lying  at  the  base 
of  a dam  under  sandy  alluvium  at  a depth  of  25-30  meters. 

No  less  important,  finally,  is  the  solution  of  the  problem  of  the  behavior  of 
slopes  in  places  whore  an  earthen  dam  is  in  contact  with  the  sides  of  a valley 
In  that  case  it  is  necessary  to  determine  the  course  of  thawing  of  the  frozen 
r ck  misses  and  the  steepness  of  the  planes  of  possible  sliding  of  the  thawed 
earthen  misses  over  the  upper  surface  of  permofrozen  rock  masses.  Those  ques- 
tions could  be  solved  only  with  consideration  of  the  entire  complex  of  the 
concrete  natural  situation  of  the  region  of  construction. 

/The  problem  of  the  temperature  regime  of  the  embankment  in  the  process  of 
construction/  because  of  the  considerable  dimensions  of  a dam  can  be  reduced 
to  a unidimensional  multifront  problem  of  the  Stefan  type.  Its  solution 
with  a hydraulic  integrator  presents  no  substantial  difficulties  even  during 
d ischarge. 

The  data  of  a frost  survey  of  the  lithological  composition  of  the  soil  indicat 
substantial  heterogeneity  of  the  soil  at  the  base  of  the  embankment:  sandy 
loam  and  loam  soils  lying  from  the  surface  to  a depth  of  5.3  meters  are  under- 
lain by  fine  sand  to  a depth  of  25  meters.  It  is  proposed  to  pour  the  embank- 
ment off  the  silty  sand.  The  thermophysical  characteristics  of  the  soils  in 
the  body  and  base  of  the  dam  are  presented  in  Table  86.  As  a result  of  cal- 
culations of  th,  thernvi  1 regime  of  the  body  and  base  of  the  dam*  it  has  beai 
found  that  under  average  perennial  conditions  the  reserve  of  heat  in  the  em- 
bankment accumulated  in  the  pirocess  of  buildup  is  eliminated  in  the  course  of 
the  first  10  years  of  operation  (Figure  167).  But  if  the  buildup  is  carried 
out  in  cold  years  with  little  snow  then,  as  is  evident  from  Figure  168,  in 
the  body  of  the  buildup  form  layers  of  frozen  ground  of  considerable  thickness 

If  we  compare  the  results  of  all  the  calculations  nude  we  can  conclude  that 
during  the  construction  of  an  embankment  it  is  necessary  to  construct  snow 
retention  on  its  surface  in  order  to  pirevent  the  formation  of  permafrozen 
layers  of  ground  in  it.  The  optimal  amount  of  thermal  insulation  assuring 
the  preservation  of  the  body  of  the  embankment  in  a thawed  state  is  roughly 
equivalent  to  1.5  times  the  height  of  the  average  snow  cover  observable  in  the 
region  of  construction  through  the  years.  This  conclusion  rema ins  valid  for 
sections  of  the  region  where  the  average  annual  tempjeratures  of  the  ground 
are  not  lower  than  -1°.  On  sections  with  lower  annual  average  tempieratures 
of  the  ground  a double  thickness  of  the  snow  cover  should  be  assured. 

/Thawing  of  the  frozen  rock  mass  under  a reservoir  and  dam/  on  account  of 
motion  of  water  in  a filtrating  layer.  To  judge  the  stability  of  a structure 


*The  course  of  the  conducting  of  the  indicated  calculations  and  also  their 
results  are  described  in  the  work  of  V.  A.  Kudryavtsev,  V.  G.  Melamed,  M. 
D.  Golovko  and  N.  1,  Trush  (1961). 
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Figure  167.  Change  of  the  temperature 
of  the  ground  in  the  body  of  an  embank- 
ment in  the  course  of  8 years  of  con- 
struction and  5 years  of  operation:  1 - 
temperature  at  a height  of  9.6  meters; 

2 - " " " " " 21.6  " . 
a - Temperature,  C b - Time,  years 

Figure  168.  Change  in  time  of  the  boun- 
dary of  freezing  and  thawing  of  the 
ground  in  the  body  and  base  of  an  em- 
bankment in  the  course  of  2 "cold"  years 
with  little  snow:  1 - frozen  ground; 

2 - thawed  ground;  3 - silty  loam;  4 - 
light  loam,  a - height  of  embankment; 
b - Depth  of  ground  art  the  base,  meters; 
c - Time,  years 


Table  86  Thermophysical  characteristics  of  ground  adopted  in  calculations 
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Key:  A - Characteristic  B - Dimensions  C - Loam  ^D  - Fine  sand  E - 

Silty  sand  1 - Specific  weight  of  ground,  kg/m  ; 2 - Moisture  content 

of  ground  as  % (of  total  weight  of  the  ground);  3 - Freezing  point  of 
the  ground;  4 ^ Latent  heat  of  fusion  of  ice  per  unit  of  volume  of  the 
ground,  kcal/m  ; 5 - Voluma  specific  heat  of  thawed  ground,  kcal/(m^) 

(degree);  6 - Volume  specific  heat,  kca 1/ (m * ) (degree ) ; 7 - Coefficient 
of  therm.il  conductivity  of  thawed  ground,  kca  1/ (m)  (degree ) (hr  ) ; 8 - 
Coefficient  of  thernvil  conductivity  of  frozen  ground,  kca 1/ (m) (degree ) 
(hr);  9 - Coefficient  of  heat  transfer  from  the  surface,  kcal/(m") 

(degree) (hr) 
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in  subsequent  years  of  its  operation  it  is  necessary  to  calculate  the  thawing 
of  those  frozen  rocks  in  the  base  during  a long  period  of  operation  of  a re- 
servoir, taken  to  be  50  years.  In  connection  with  that,  calculations  were  made 
of  the  thawing  of  a permafrozen  rock  mass  from  above  (through  heat  arriving 
from  the  reservoir)  and  below  (through  heat  transported  by  filtration  of  water 
in  the  layer  underlying  the  mass  of  frozen  soils).  The  former  calculation  is 
extremely  simple  and  is  not  illuminated  here,  but  the  second  required  a special 
approach . 
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Figure  169.  Geological  and  lithological  conditions  of  the 
formulation  of  the  problem  of  thawing  of  frozen  rock  under 
a dam  through  the  influence  of  the  water  flow  in  the  filter- 
ing horizon:  1 - gravel-pebble-boulder  horizon;  2 - sand  of 
various  particle  sizes;  3 - fine  sand;  4 - silty  sand;  5 - 
loam;  6 - boundary  of  frozen  ground,  a - Input  window;  b - 
Output  window. 


Figure  169  presents  a geological  scheme  of  the  fornvition  of  the  problem  under 
consideration.  In  the  calculations  it  was  assumed  that  the  filtration  of  water 
from  a filled  reservoir  under  a dam  occurred  mn inly  through  thawed  "windows." 

In  connection  with  movement  of  the  filtration  flow  in  the  basal  horizon  and 
in  the  horizon  of  filtering  various-sized  sand  underlying  it  the  frozen  rock, 
mass  both  under  the  reservoir  and  under  the  dam  will  gradually  thaw.  Since 
there  are  fairly  many  input  and  output  windows,  it  was  assumed  that  the  move- 
ment of  ground  waters  along  the  filtering  layer*  in  the  direction  perpendicu- 
lar to  the  motion  of  flow  will  be  identical.  The  length  of  the  filtration  path 
in  that  case  was  assumed  to  be  L = 1400  meters.  The  flow  rate  of  the  water 
filtering  from  the  upper  into  the  lower  waters  of  the  reservoir  is  determined 
with  the  formula** 

v k h if  cum  ( na  1 noe  ,u  mrmnihi  iotok.i). 

1 1 <\cp  . • j 


*That  is,  the  basal  horizon  and  the  layer  of  sand  underlying  it. 

**The  hydraulic  resistance  of  the  input  and  output  in  the  filtering  horizon 
can  be  neglected. 
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Here  K = 36.2  m/day  is  the  weighted  average  value  of  the  filtration  coef- 
ficient of  the  soils  of  the  filtering  horizon;  b = 20  m is  the  thickness  of 
the  filtering  horizon;  A II  = 37  m is  the  difference  of  hands  of  the  witer  in 
the  upper  and  lower  waters  of  the  reservoir. 

In  connection  .'ith  the  fact  that  the  filtering  horizon  is  covered  by  poorly 
filtering  sands,  the  movement  of  water  in  thawing  higher-lying  sands  was  dis- 
regarded in  the  calculations.  Below  the  filtering  horizon  lies  loam  which  is 
practically  water- impermeable.  Therefore  the  conditions  of  water  filtration 
are  assumed  to  be  invariable  in  time  and  unconnected  with  changes  of  the  ther- 
mal regime  of  the  base. 

The  thickness  of  the  filtering  horizon  is  very  small  in  comparison  with  the 
length  of  the  filtration  path  and  therefore  in  calculations  the  difference 
in  water  temperatures  in  the  cross-section  of  the  filtering  flow  can  be  ne- 
glected. To  simplify  calculation  of  the  thermal  interaction  of  the  filtering 
flow  with  higher-  and  lower-lying  rocks  it  can  be  assumed  that  it  is  composed 
of  homogeneous  soil,  the  filtration  coefficient  of  which  is  equal  to  the 
weighted  average  value  of  the  filtration  coefficient  of  the  two  layers  of  that 
horizon.  Therefore  the  calculations  of  the  thawing  of  grounds  lying  above  and 
below  the  filtering  horizon  under  consideration  can  be  made  separately,  taking 
into  consideration  in  each  of  them  only  half  the  flow  rate  of  the  moving  water 
= V / 2.  Presented  below  are  calculations  of  the  thawing  of  the  grounds  ly- 
ing only  above  the  filtering  horizon  (Figure  170). 
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Figure  170.  Schem.it  ic  diagram  of  the  conditions  adopted  in 
calculating  the  thawing  of  the  frozen  rock  mass  from  below 
through  movement  of  water  in  the  filtering  horizon.  The 
depth  of  thawing  is  h.,  meters;  the  hei^t  flow  from  the  sub- 
surface flow  into  the  roof  q.,  kcal/(m~)(hr)  in  each  i-th 
section,  i is  0,  1,  2,  3,  4.  a --  V,  m^/hr 

During  the  movement  of  water  along  a filtering  horizon  there  is  a gradual  re- 
duction of  its  temperature,  in  connection  with  wh ich  the  intensity  of  thawing 
of  higher-lying  frozen  soils  gradually  decreases  with  removal  from  the  start 
of  the  filtration  path. 

The  two-dimensional  problem  of  the  thawing  of  frozen  rocks  by  the  filtration 
flow  was  solved  approximately  by  conducting  a series  of  unidimensional  cal- 
culations of  thawing  at  different  points  along  the  length  of  the  filtration 
pa  th  . 
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1'  obtain  the  course  of  the  change  of  water  temperature  at  those  points  in 
time  (used  later  in  the  thawing  problem  as  boundary  conditions  of  the  first 
kind),  an  approximate  calculation  was  preliminarily  made  of  the  water  tem- 
: erature  dr",  during  its  movement  along  the  filtering  horizon  on  account  of 
u:  ward  heat  transfer. 


The  proposed  method  of  calculating  the  depths  of  thawing  on  account  of  motion 
f water  inti  the  filtering  layer  represents  to  a certain  degree  the  method 
f .'access  ive  approximations.  Taken  as  the  first  approx  imat  ion  of  the  deaths 
f thawing  of  the  roof  h.  along  the  length  of  the  filtration  path  were  depths 
calculated  with  the  simplified  Stefan  formula  (3.7.7)  at  different  water  tem- 
per.ituri  (for  example,  +4,  +3,  +2  and  +1  ).  Obtained  from  that  was  the  dis- 
tance at  which  under  those  conditions  by  the  moment  A T the  water  temperature 
will  lie  t,  and  also  data  on  the  change  of  the  water  tompe>raturc  in  time  for 
different  points  on  the  filtration  path.  Taking  them  as  boundary  conditions 
f the  first  kind  for  solving  the  probLem  of  determining  the  course  of  thaw- 
ing, . econd  approximation  of  the  thawing  depths  was  obtained  with  the  hy- 
draulic integrator. 


Then  with  the  obtained  data  on  the  thawing  of  the  frozen  rock  muss  covering 
the  filtering  horizon  it  is  possible  to  refine  the  equation  of  the  heat  bal- 
ance for  different  sections  of  the  filtering  flow  and  by  the  same  token  more 
precisely  calculate  the  variation  in  time  of  the  water  temperature  at  various 
points  of  the  flow.  Repeating  then  the  calculation  of  the  thawing  depth  with 
the  hydraulic  integrator,  one  can  find  the  subsequent  approx imat ion  of  the 
thawing  depth,  etc.  Since  the  starting  data  on  the  regime  of  motion  of  the 
subsurface  waters  from  the  upper  and  lower  waters  of  the  reservoir  through 
the  filtering  horizon  were  known  approximately  and  are  very  simplified  in  the 
adopted  calculating  procedure,  it  was  decided  in  calculating  the  thernul  regime 
of  the  ground  interacting  with  the  filtering  flow  to  limit  ourselves  to  the 
second  approximation. 


The  results  of  calculation  of  the  temperature  change  in  the  roof  of  the  f i 1 - 
l ering  horizon  in  the  various  sections  --  at  the  beginning,  middle  and  end  of 
the  dam  and  in  the  outlet  window  (see  Figure  169)  in  the  course  of  30  years 
are  presented  on  Figure  1 7 1 . Those  curves  were  also  taken  as  boundary  con- 
ditions of  the  first  kind  in  the  refined  calculation  of  the  thawing  of  the 
frozen  rock  mass  covering  the  filtering  layer  with  the  hydraulic  integrator. 


Figure  171.  Change  of  the  water  tem- 
perature in  time  in  various  sections 
of  the  filtering  horizon,  a - Time, 
years 


The  second  boundary  of  the  region  where  a constant  ground  temperature  of  -0.5 
is  preserved  was  taken  at  a distance  of  about  10  meters  from  the  roof  of  the 
filtering  horizon.  The  initial  temperature  distribution  of  the  investigated 
region  was  also  assumed  to  be  constant  (t  • -0,5  ), 
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The  results  of  calculation  of  the  thawing  of  the  frozen  rock  mass  on  account 
of  motion  of  the  water  in  tin  filtering  horizon,  obtained  as  a second  approx i - 
mat  ion  of  the  d pths  of  thawing  of  the  ground,  are  presented  in  the  form  of 
diagrams  of  the  variation  of  those  depths  in  time  in  various  sections  in  * he 
course  of  50  years  of  operation,  id  1 (in  it  u ei  rt)  th<  curv< 
variation  of  the  depth  of  thawing  from  above  under  th<  reservoir  and  dam  dur- 
ing the  same  period  (Figure  172).  On  th«  basi  of  tl  u ! i igr  i the  c »nf  ig- 
uration  of  the  bedding  of  permafrozen  rocks  under  the  reserv  ir  and  dam  at 
different  moments  of  time  is  readily  determined.  It  i obvious  that  even 
after  50  years  of  operation  of  hydrosystems  a considerable  : ort  i ;i  of  the 
frozen  rock  mass  still  will  remain  in  the  frozen  state. 
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Figure  172.  Change  of  the  depth  of  thawing  in  t ime  in  the 
base  of  the  dam  and  along  the  length  of  the  filtering  hori- 
zon in  different  sections:  1 - boundary  of  the  frozen  soil; 

2 - fine  sand;  3 - loam;  4 • roof  of  the  filtering  horizon; 
a - Thickness  of  permafrost,  meters;  b - Bed  of  reservoir; 
c - Time  of  operation,  years. 

< 

The  following  conclusions  can  be  drawn  as  a result  of  the  calculations.  The 
thawing  of  jernu frozen  rock  misses  from  below  on  account  of  convective  heat 
exchange  between  the  filtered  waters  from  the  reservoir  along  the  filtering 
horizon  will  occur  slowly.  Complete  thawing  of  the  frozen  rock  mass  will 
occur  after  several  hundred  years.  Therefore  one  cannot  expect  rapid  cata- 
strophic sediments  of  an  earth  dain  on  account  of  thawing  of  the  frozen  base 
from  below.  The  quantity  of  those  sediments  and  their  course  in  time  will 
be  determined  only  by  the  course  of  the  thawing  of  the  frozen  rock  misses  in 
the  base  from  above* 

The  calculation  testifies  to  the  possibility  of  formulating  and  solving  with 
an  accuracy  sufficient  for  practice  problems  of  convective  heat  exchange  with 
a hydraulic  analyzer  for  such  complex  conditions  as  were  assumed  in  the  prob- 
lem under  consideration  above. 
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/Investigation  of  the  dynamics  of  thawing  of  the  ground  in  bank  slopes  of 
a reservoir/.  After  a reservoir  has  been  filled,  thawing  of  the  rock  masses 
starts  in  its  underwater  part.  In  the  bank  slopes  of  the  reservoir,  especial- 
ly near  the  waterline,  where  the  layer  of  the  underwiter  talik  thins  out, 
such  thawing  leads  to  a sharp  change  of  the  relief  of  the  upper  surface  of  the 
perma frozen  rock  masses.  In  the  presence  of  considerable  slopes  on  the  upper 
surface  of  the  frozen  rock  masses,  runoffs  and  slides  of  thawed  rocks  are 
possible.  In  connection  with  that  the  problem  was  set  of  determining  the 
possible  very  large  slopes  of  the  upper  surface  of  a frozen  rock  mass  which 
arise  as  a result  of  thawing  under  a reservoir,  which  can  lead  to  the  fornu- 
t ion  of  landslides,  runoffs  and  other  slides  of  coasts. 

The  problem  was  solved  in  a simplified  manner.  The  sought  outline  of  the 
boundary  of  thawing  of  rocks  in  the  slope  of  the  left  bank  of  the  reservoir 
was  obtained  as  a result  of  the  solution  of  several  unidimensional  problems, 
that  is,  the  heat  fluxes  in  horizontal  direction  were  not  taken  into  consid- 
eration in  the  calculations.  In  such  an  approach  the  difference  in  the  ther- 
mal regime  of  the  different  sections  of  the  slope  was  determined  mainly  by  the 
time  of  start  of  warming  of  those  sections.  The  program  of  filling  of  the 
reservoir  is  shown  on  Figure  173a  in  the  form  of  a diagram  of  the  change  of 
the  water  horizon  in  it  in  the  course  of  time. 
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Figure  173.  Change  of  the  depth  of  thawing  of  the  ground 
in  slopes  of  the  left  bank  of  a reservoir:  a - diagram  of 
the  change  of  the  water  horizon  in  time;  b & c - diagrams 
of  the  change  in  time  of  the  depths  of  thawing  of  the 
ground,  preliminary  and  final:  1 - boundary  of  frozen 

ground;  2 - thawing  of  ground  in  the  7th  year  of  filling 
of  the  reservoir;  3 - thawing  of  ground  in  the  30th  year 
of  filling  of  the  reservoir;  4 - thawing  of  ground  in  the 

50th  year  of  filling  of  the  reservoir;  5 - sand;  6 - loam, 
a - Height,  m b - Depth,  m c - Time,  years 
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Also  of  definite  importance  were  tlu  composition  of  the  s il;  lying  on  dif- 
ferent sections  of  the  slope  and  the  difference  of  their  thermo-  hys  ica 1 
characteristics.  Neglecting  sever al  insignificant  heterogeneities  in  the 
structure  of  the  slope  of  the  left  bank,  on  it  we  distinguished  two  sections 
with  essentially  different  soils.  In  the  bed  of  the  reservoir  and  on  the 
half  of  the  adjacent  slope  up  to  a height  of  15  meters  lies  loam,  and  in  the 
higher-lying  half  of  the  slope,  fine  sand  (Figure  173).  With  such  hetero- 
geneity of  the  soils  lying  on  the  slope  taken  into  account  the  course  of 
thawing  was  calculated  for  50  years  on  a hydraulic  integrator.  In  that  case 
it  was  assumed  that  from  the  moment  of  warming  on  the  surface  of  the  ground 
is  established  a temperature  of  4 , equal  to  the  average  annual  temperature 
of  the  layers  of  water  near  the  bottom  in  the  reservoir.  The  results  of  the 
described  preliminary  calculations  are  presented  on  Figure  173b  in  the  form 
of  diagrams  of  the  change  of  the  depth  of  thawing  of  the  ground  in  the  course 
of  tims.  Using  those  diagrams  with  consideration  of  the  program  for  filling 
the  reservoir,  we  determine  the  sought  outlines  of  the  boundary  of  thawing 
of  the  ground  in  the  slope  of  the  left  bank.  To  do  that  the  depths  of  thaw- 
ing of  the  ground,  determined  for  identical  moments  of  time,  which  were  ob- 
tained from  diagrams  on  Figures  173b  and  c for  different  sections  of  the  slop 
were  connected  by  smooth  curves. 

The  final  results  of  the  calculation  are  presented  on  Figure  173  in  the  form 
of  diagrams  of  the  position  of  the  boundary  of  thawing  of  the  ground  in  the 
slope  of  the  left  bank  after  7,  30  and  50  years  from  the  moment  the  reservoir 
is  filled.  The  following  proved  to  be  the  largest  angles  of  inclination  of 
the  upper  surface  of  the  frozen  rock  mass:  13  at  the  7th  year,  23  at  the 
30th  and  27  at  the  50th  year.  As  is  evident,  in  spite  of  the  fact  that  the 
intensity  of  thawing  of  the  ground  decreases  with  time,  the  probability  of 
formation  of  a runoff  in  the  slopes  of  the  reservoir  increases  with  the  course 
of  time.  The  probability  of  the  formation  of  runoffs  on  the  interface  of  the 
frozen  and  thawed  soils  must  be  verified  by  special  geotechnical  calculations 

In  conclusion,  it  should  be  stressed  that  specific  calculations  of  the  change 
of  frost  conditions  as  a result  of  construction  became  possible  only  on  the 
basis  of  a close  combination  of  field  work  on  frost  surveying  with  laboratory 
and  office  work,  in  the  process  of  which  the  above-considered  problems  were 
s imu lated. 

4.  Forecast  of  the  Temperature  Regime  of  the  body  and  Base  of  a Dam  in 
Rocky  Soils,  Established  in  the  Process  of  Operations 

In  the  process  of  planning  an  earthen  water -pressure  dam  of  a hydroelectric 
power  station  with  its  base  and  ends  fastened  in  rock  a number  of  questions 
connected  with  the  behavior  of  the  dam  in  the  p.rocess  of  long-term  operation 
arise.  Among  the  most  important  of  them  is  determination  of  the  degree  of 
filtration  of  water  from  the  upper  into  the  lower  waters  through  the  body  of 
the  dam.  Therefore  special  attention  is  turned  toward  the  erection  of  an 
economically  advantageous  anti-filtration  screen  capable  of  restraining  to 
some  degree  the  movement  of  water  through  the  dam.  These  questions  have  been 
examined  on  the  example  of  solution  of  corresponding  problems  for  the  region 
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of  the  nu  in  distribution  of  permaf rnst . In  our  example,  a rockfill  dam  with 
gravel-loam  screen  must  be  laid  on  the  thawed  rocky  base  of  a riverbed.  The 
severe  climatic  conditions  in  the  region  of  construction  can  lead  in  the  course 
of  time  to  the  formation  of  permafrozen  rocks  in  the  body  of  the  dam.  If  the 
lower  surface  of  the  permafrozen  rocks  descends  below  the  base  of  the  dam, 
the  formed  frozen  core  will  fill  the  role  of  a natural  anti-filtration  screen. 

In  connection  with  that,  in  planning  the  dam  the  problem  arises  of  determining 
the  possible  established  configuration  of  the  frozen  core  forming  in  the  body 
of  the  dam  in  the  process  of  operation. 

Examined  below  is  the  prediction  of  a steady  temperature  regima  in  the  body 
and  rocky  base  of  a dam  of  a hydroelectric  power  station  as  a function  of 
various  conditions  on  the  surface.  The  corresponding  calculations  ware  made 
with  an  E I - 1 2 differential  analyzer  installed  in  the  Department  of  Geocryology 
of  Moscow  University, 

Preliminarily,  the  problem  of  determining  the  steady  temperature  regime  at 
the  dam  site  under  natural  conditions  was  solved  in  order  to  verify  the  cor- 
rectness of  the  given  temperature  conditions  on  the  boundaries  of  the  inves- 
tigated region  (mainly  on  the  lower  boundary  --  about  300  meters)  and  compare 
the  results  obtained  with  the  EI-12  with  available  full-scale  temperature  de- 
terminations, After  that,  under  reliable  boundary  conditions,  the  problem  of 
forecasting  the  steady  regime  which  is  established  in  the  body  of  a dam  and 
in  lower-lying  rocks  after  construction  of  the  hydro  station  is  completed  was 
solved.  In  that  case  different  variants  of  the  temperature  conditions  on  the 
open  surface  of  the  dam  were  examined. 

/Determination  of  the  stationary  tempera ture  regime  of  a dun  and  rocks  along 
the  line  of  a section  under  natural  conditions/.  This  problem  was  solved  in 
the  plane  along  the  line  of  the  section,  the  region  investigated  was  limited 
from  above  by  the  day  surface,  and  the  lateral  boundaries  were  selected  at 
such  a distance  that  the  influence  of  the  river  was  practically  not  expressed 
(250-300  meters  from  the  river).  In  connection  with  that  the  problem  was 
solved  on  a fairly  large  scale  (a  step  of  50  meters  on  the  x and  y axes),  the 
upper  layer  of  loam  (1-2  meters)  was  not  considered,  and  the  mass  of  diabases 
in  the  base  was  assumed  to  be  homogeneous  in  the  entire  invest igated  depth. 

The  average  annual  temperature  on  the  bottom  of  the  river  was  assumed  to  be 
4 , on  the  slopes  of  the  valley  the  temperature  was  given  in  accordance  with 
the  change  of  height,  steepness,  exposure  of  the  slopes  and  character  of  the 
covers  and  basement  rocks,  and  at  a depth  of  350  meters  below  the  level  of 
the  river  (the  lower  boundary  of  the  investigated  region  ) was  +1  (Figure  174). 
Presented  on  the  same  profile  is  the  established  temperature  distribution  over 
the  section  of  the  planned  dam,  obtained  as  a result  of  solution  of  the  prob- 
lem under  consideration.  Under  the  riverbed  a permeating  talik  is  well  traced, 
and  the  thickness  of  the  permafrozen  rocks  under  the  sides  of  the  valley 
reaches  300-350  meters.  Comparison  of  the  temperatures  at  different  depths 
obtained  with  the  differential  analyzer  with  the  data  of  temperature  measure- 
ments in  drillholes  showed  good  agreement  of  the  results. 

/Determination  of  the  stationary  temperature  regime  of  the  rocks  of  a solid 
rock  base  under  different  conditions  on  the  surface  of  a dam/.  In  the  process 
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Figure  174.  Temperature  field  in  the  plane  along  the  line 
of  a section  under  natural  conditions,  a - River 


Figure  175.  Temperature  field  in  the  body  and  base  of  a 
dam  in  the  presence  of  a layer  of  water  at  the  foot  of  a 
dam  in  the  lower  race.  Scale  on  the  vertical  1:50:  1-4 
--  zero  isolines  at  temperatures  on  the  surface  of  -5, 
-3,  -2  and  -1°C  respectively. 


of  operation  of  a dam  the  temperature  regima  of  the  rocks  forming  the  base 
varies  qualitatively.  The  erection  of  a dam,  the  opening  up  of  the  territory 
adjacent  to  it  and  also  the  accumulation  of  a large  amount  of  water  in  the 
upper  waters  considerably  change  tha  temperature  distribution  in  the  embank- 
mant  and  rocky  base. 

The  problem  under  consideration  of  the  stationary  temperature  regime  of  the 
dam  and  sections  adjacent  to  it  was  solved  in  the  plane  perpendicular  to  the 
line  of  the  section  along  the  river  over  the  center  of  the  channel.  On  the 
side  of  the  upper  and  lower  waters  the  boundary  of  the  investigated  region 
passed  at  a distance  of  150  meters  from  the  dam.  The  depth  of  the  investi- 
gated region  was  assumed  to  be  300  meters.  To  reduce  the  error  during  the 
discretization  of  the  investigated  region  the  step  selected  along  the  x and 
y axes  was  variable,  while  the  step  selected  in  the  body  of  the  dam  was  mini- 
mal and  equal  to  10  meters  (Figure  175). 

The  coefficient  of  therma 1 conductivity  of  the  diabasic  base,  as  in  the  pre- 
liminary problem,  was  1.8  kca 1/ (m) (hr ) (degree ) . The  dam  is  heterogeneous  in 


466 


the  composition  of  the  soil  and  is  composed  of  rock  diabasic  fill  and  rock 
debr is-gruss- loamy  soil  of  the  screen.  The  rock  fill  of  blocks  of  diabases, 
thanks  to  the  presence  of  a large  number  of  cavities,  will  have  a coefficient 
of  heat  transfer  of  about  0.9  kca 1/ (m ) (hr  ) (degree  ) , and  the  rock  debr is-gruss- 
loamy  soil  according  to  the  results  of  laboratory  determinations  also  has  a 
coefficient  of  thermal  conductivity  of  the  same  value.  On  the  first  boundary 
(under  the  water),  depending  on  the  depth  of  the  water,  a temperature  of  0 to 
+5  was  given. 

On  the  opan  surface  of  the  dam  different  temperatures  were  used  for  different 
calculations.  The  average  annual  air  temperature  in  the  investigated  region 
varies  around  -9°  and  on  the  surface  of  the  d3m,  with  consideration  of  the 
warming  influence  of  snow,  it  reaches  about  -5  . However,  thanks  to  infil- 
tration of  warm  summer  precipitations  from  above  the  body  of  the  d3m  is  inten- 
sively warmed  and  the  average  annual  temperature  on  the  surface  can  rise  by 
2-3°.  Some  wanning  of  the  dam  can  occur  also  during  the  filtration  of  water 
from  the  upper  waters  through  the  screen.  In  connection  with  what  was  said 
above,  besides  the  calculation  in  which  those  warming  factors  were  not  taken 
into  consideration,  calculations  also  were  made  under  the  condition  that  the 
average  annual  temperatures  on  the  surface  of  the  dam  are  -3,  -2  and  -1°  re- 
spect ively . 

In  addition,  variants  of  tha  thermal  regime  of  the  dam  were  investigated  as 
a function  of  the  conditions  at  the  foot  of  the  dam  in  the  lower  waters. 

The  first  series  of  calculations  was  made  with  consideration  of  the  fact  that 
at  the  foot  of  the  dam  there  is  a layer  of  water  of  2-3  maters,  that  is.  the 
temperature  was  assumed  to  be  the  same  as  on  the  surface  of  the  dam.  In  that 
case,  in  the  body  of  the  dam  more  severe  temperature  conditions  will  form  and, 
consequently,  a thicker  frozen  core.  As  in  the  preliminary  problem,  in  the 
lower  boundary  (at  a depth  of  300  meters)  a temperature  of  +1  was  given. 
However,  in  contrast  with  natural  conditions,  to  which  those  temperatures 
correspond,  in  the  given  case  the  +1  isoline  will  pass  somewhat  below  350  m. 
Consequently,  such  a lower  boundary  condition  in  the  given  case  will  lead  to 
the  formation  of  permaf rozen  rocks  with  a somewhat  smaller  thickness  and  by 
the  sane  token  will  create  a certain  reserve  factor. 

The  results  of  the  first  series  of  calculations  are  presented  on  Figure  175. 

As  follows  from  their  examination,  in  the  case  where  the  average  annual  tem- 
perature on  the  surface  of  a dam  is  assumed  to  be  -5°  the  zero  isoline  (Fig- 
ure 1 75,  curve  1)  penetrates  to  a depth  of  more  than  25  meters  below  the  base 
of  the  dim.  The  forming  frozen  core  with  considerable  width  and  cross-section 
of  the  dam  is  a reliable  natural  screen. 

However,  at  a temperature  on  the  surface  of  -3"  or  higher  the  zero  isoline 
(Figure  175,  curves  3-4)  remain  within  the  limits  of  the  body  of  the  dam  and 
frozen  rocks  obviously  will  not  exist  permanently  there,  but  will  depend  com- 
pletely on  seasonal  fluctuations  of  temperature  and  the  infiltration  of  warm 
summer  precipitations  from  above. 

The  second  series  of  calculations  was  made  on  the  assumption  that  at  a dis- 
tance of  5 meters  from  the  dam  a small  levee  with  a height  of  up  to  5 meters 
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Figure  176.  Temperature  field  in  the  body  and  base  of  a dam 
in  the  absence  of  water  at  its  foot.  Vertical  scale,  1:25: 

1 - 4 --  zero  isolines  at  temperatures  on  the  surface  -if  -5, 

-3,  -2  and  -l’C  respectively;  5 - levee. 

will  b created,  om  which  block  the  acc<  water  t the  1 • f th< 

(Figure  176).  In  that  case,  conditions  at  the  foot  of  the  dam  in  the  lower 
waters  more  severe  than  in  the  first  series  of  calculations  will  lead  to  a 
substantial  increase  of  the  thickness  of  the  permafrozen  rock  masses. 

However,  here  too  at  a temperature  of  -1  the  zero  isoline  reaches  the  base 
of  the  dam  and  the  presence  of  permafrozen  rocks  on  the  entire  height  of  the 
dam  cannot  be  guaranteed. 

It  follows  from  the  results  of  the  above-described  calculations  that  if  the 
infiltration  of  warm  summer  precii  itations  and  the  warming  of  the  dim  connected 
with  that  are  absent,  then  regardless  of  the  presence  of  water  at  the  foot  in 
its  body  in  the  process  of  long  operation  a thick  frozen  core  forms  which  em- 
braces the  base  of  the  dam  and  serves  as  a wholly  reliable  natural  anti-fil- 
tration screen.  Under  the  condition  that  the  surface  of  the  dim  and  sections 
near  it  art  warmed  by  summer  precij  itations,  that  is,  the  temperature  in- 
creases to  -3  , the  format  ion  of  a frozen  core  on  the  entire  height  of  the 
dam  cannot  be  guaranteed  under  all  conditions.  However,  if  in  that  case  a 
small  levee  prevents  the  access  of  water  to  the  foot  of  the  dam  in  the  lower 
waters,  a 25-30-meter  core  forms  (below  tht  base  of  the  dam)  which  will  exist 
permanently.  At  a temperature  of  -2  on  the  surface  a frozen  core  forms  only 
in  the  absence  of  water  at  the  foot  of  the  embankment  and  under  certain  con- 
ditions can,  evidently,  serve  as  an  anti-filtration  screen.  Finally,  in  that 
case,  if  the  warming  with  summer  precipitations  is  extremely  intensive,  and 
also  some  quantity  of  heat  will  penetrate  from  the  upper  waters  with  the 
filtered  water  (in  that  case  the  temperature  on  the  surf. ice  of  the  dam  was 
assumed  to  be  -l"),  the  rocks  will  not  freeze  at  all. 

Thus,  starting  from  the  point  of  view  that  the  formation  of  a frozen  enri  is 
desirable  for  increase  of  filtration  through  the  body  of  the  dam,  one  c.  i 
propose  a number  of  measures  which  will  contribute  to  a very  rapid  f oriuat  ion 
of  frost  on  the  entire  height  of  the  dam:  1)  measures  to  lower  the  average 

annual  temperature  on  the  surface  of  the  open  part  of  the  dam  are  needed. 
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To  do  that  in  the  winter  time  it  is  desirable  to  remove  from  the  surface  the 
snow  cover  preventing  intensive  winter  cooling;  2)  it  would  be  desirable  to 
isolate  somehow  the  surface  of  the  dam  from  the  penetration  of  precipitations 
inside  the  dam;  3)  it  is  desirable  to  maintain  very  cold  conditions  at  the  foot 
of  the  dam  in  the  lower  waters.  To  do  that  it  is  necessary  to  provide  for  the 
construction  of  a low  levee  which  prevents  the  access  of  water  to  the  foot  of 
the  dam. 

At  the  same  t ima  the  second  variant,  in  which  the  body  of  the  dam  will  be  in 
the  thawed  state,  should  not  be  ignored.  In  that  cose,  on  the  contrary,  it 
is  necessary  to  adopt  all  measures  to  elevate  the  temperature  in  the  body  of 
the  dam.  In  the  winter  it  is  desirable  to  maximally  increase  the  thickness  of 
the  snow  cover.  In  the  lower  waters  it  is  necessary  to  create  a constant  layer 
of  water  with  a depth  of  not  less  than  3-4  maters.  In  addition,  it  is  necessary 
to  exclude  any  sort  of  water- insulat ing  coating  on  the  surface  of  the  dam  in 
order  to  have  the  infiltration  of  thawed  precipitations  in  summer  be  maximal. 

The  selection  of  a given  variant  must  be  made  only  after  detailed  calculation 
and  comparison  of  the  two  variants. 

3.  Prediction  of  Change  of  Frost  Conditions  Under  Embankments  as  a Function 
of  the  Upper  Boundary  Temperatures 

Up  to  now  predictions  of  change  of  permafrozen  rocks  under  embankments  and  in 
ditches  have  been  compiled  by  calculations  extremely  rarely,  because  in  each 
case  it  is  necessary  to  solve  a laborious  two-  or  three-dimensional  problem 
of  the  freezing  and  thawing  of  rocks.  A second  factor  wnich  has  long  held 
back  solution  of  questions  of  prediction  of  the  change  of  frost  conditions 
under  embankments  is  difficulties  in  determining  the  values  of  the  surface 
temperature  which  are  an  upper  boundary  condition. 

An  earthen  bed,  and  in  particular  an  embankment,  has  no  heat  sources  and  is 
poured  of  soils.  Therefore  the  formation  of  frost  conditions  within  its 
limits  occurs,  as  under  natural  conditons,  under  the  influence  of  an  entire 
complex  of  natural  factors.  Consequently  the  available  procedure  for  deter- 
mining the  influence  of  geological  and  geographic  factors  on  the  temperature 
regime  of  soils  can  be  used  to  calculate  the  boundary  temperatures  in  the 
region  of  an  earthen  bed  and,  in  particular,  on  an  embankment. 

A prediction  of  change  of  frost  conditions  under  embankments  can  be  compiled 
on  the  basis  of  the  results  of  a frost  survey.  In  the  compilation  of  such  a 
prediction  the  principle  of  construction  of  the  embankment  must  be  determined 
first  of  all.  At  times  it  is  sufficient  for  that  to  determine  the  direction 
of  the  frost  process,  which  is  characterized  by  the  conditions  on  the  surface, 
and  in  a number  of  cases,  to  determine  the  configuration  of  the  frozen  and 
thawed  rocks  in  the  region  of  the  embankment  in  the  regime  established  after 
construction.  In  the  second  stage  of  compilation  of  the  forecast  it  is  ne- 
cessary to  determine  the  configuration  of  the  frozen  and  thawed  rocks  with 
consideration  of  the  planned  measures,  the  rate  of  freezing  and  thawing,  and 
also  the  temperature  regime  of  the  rocks  in  the  region  of  the  embankment.  For 
example,  we  will  examine  the  case  where  the  temperature  on  the  surface  is 
positive  only  on  the  slopes  of  the  embankment. 
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The  dependence  of  the  limiting  boundaries  of  permafrozen  rocks  in  the  body 
and  base  of  an  embankment  on  the  surface  temperature  conditions  was  found 
by  modeling  a series  of  problems  on  a differential  analyzer.  The  thermophy- 
sical characteristics  of  the  rocks  in  the  base  of  the  embankment  and  on  ad- 
jacent sections,  and  also  their  thickness,  are  presented  in  Table  87. 

In  the  solution  the  following  values  of  the  average  annual  temperatures  were 
adopted:  on  a roadbed  -2.2°,  on  slopes  +0.8’  and  >n  sections  adjacent  to  an 

embankment,  -0.5,  -1,  -2  and  -3  . The  lower  boundary  conditions  were  given 
at  a depth  of  150  meters  in  accordance  with  the  temperature  gradients  existing 
in  the  region.  In  calculations  the  height  of  the  embankment  was  assumed 
to  be  12  meters,  and  the  steepness  of  the  slopes  1:2.  The  gentle  slopes  and 
large  height  of  the  embankment  were  taken  because  the  greater  the  height  of 
the  embankment  and  the  more  gentle  its  slopes,  the  greater  the  probability  of 
thawing  the  heavily  iced  rocks  in  the  base  of  the  embankment. 

The  results  of  solution  of  that  series  of  problems  are  presented  on  Figure 
177.  Analysis  of  the  results  shows  that  th«  possibility  : thawing  r cl 
the  base  of  an  embankment  depends  on  the  ratio  of  the  boundary  temperatures 
on  elements  of  the  embankment  and  the  sections  adjacent  to  it  and  also  the 
dimensions  of  the  regions  where  those  temperatures  prevail. 
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Figure  177.  Boundaries  of  the  freez- 
ing of  rocks  in  the  body  and  base  of 
an  embankment  at  a constant  t of  the 
embankment:  1 --  -2.2°;  II  --  +0.8°; 
at  different  values  of  t of  the  ad- 
jacent section  III:  1 --  0.5  ; 2 -- 

i i /-»o 


As  the  calculations  showed,  under  the  conditions  under  consideration  a thaw- 
ing basin  always  forms  under  the  slope  of  an  embankment.  Depending  on  the 
correlation  of  the  boundary  temperatures,  the  thawing  basin  can  be  small  and 
be  situated  above  the  base  of  the  embankment.  At  higher  temperatures  a per- 
meating and  more  rarely  a non-permeating  talik  forms  under  the  embankment. 

In  those  cases  a core  of  permafrozen  rocks  forms  in  the  body  of  the  embankment. 
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Table  87  Thermophysical  characteristics  of  rocks  taken  in  the  calculations 
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Ann  lysis  of  the  obtained  modeling  data  shows  that  there  are  critical 
ratios  of  the  average  annual  temperatures  of  rocks  in  elements  of  the  em- 
bankment and  adjacent  sections  at  which  thawing  of  the  permafrozen  rocks  in 
the  base  of  the  embankment  starts.  At  temperatures  close  to  the  critical 
ratio  a small  additional  elevation  of  temperatures  can  lead  to  thawing  of 
rocks  in  the  base  of  the  embankment.  For  one  embankment  with  a height  of  12 
meters  a critical  ratio  was  found  in  which  on  a roadbed  the  average  annual 
temperatures  of  the  rocks  are  -2.2  , on  the  slope  +0.8  and  on  sections  ad- 
jacent to  the  embankment,  -3  C. 

For  the  variant  in  which  the  average  annual  temperatures  are  positive  only 
on  slopes,  finding  the  critical  ratios  of  temperatures  at  which  thawing  of 
the  rocks  in  the  base  of  the  embankment  starts  makes  it  possible  to  substan- 
tiatedly  approach  the  selection  of  the  principle  of  construction  of  an  embank- 
ment of  a certain  height.  If  thawing  of  permafrozen  rocks  is  observed  in  the 
base  of  an  embankment,  it  should  be  erected  with  consideration  of  the  thaw- 
ing of  rocks,  and  if  thawing  ought  not  occur  in  the  base  of  the  embankment, 
it  should  be  constructed  on  the  principle  of  preservation  of  the  permafrozen 
rocks. 

Determination  of  the  configuration  of  the  frozen  and  thawed  rocks  in  the  body 
of  the  embankment  was  obtained  as  a result  of  solution  of  a series  of  problems 
at  different  ratios  of  the  average  annual  temperatures  on  elements  of  tha  em- 
bankment and  adjacent  sections.  In  that  case  it  was  found  that  at  average 
annual  temperatures  higher  than  the  critical  in  the  body  of  an  embankment 
(under  a slope)  a thawing  basin  forms.  In  a number  of  cases  a thawing  basin 
forms  with  such  a form  at  which  intensive  creep  of  the  slopes  of  the  embank- 
ment must  occur.  The  same  thawing  basins  pxrobably  also  form  under  the  slopes 
of  ditches.  If  the  form  of  the  thawing  basin  is  regulated  by  conducting  land 
improvement  measures,  it  is  possible,  evidently,  to  achieve  a reduction  of 
the  intensity  of  creep)  of  the  slopes. 

To  estimate  the  stability  of  an  embankment  it  is  very  important  to  know  the 
rate  of  thawing  of  the  rocks.  High  thawing  rates  are  observed,  as  a rule,  on 
sections  where  the  warming  influence  of  the  surface  and  subsurface  waters  is 
great.  On  such  sections  the  subsidence  of  the  embankment  due  to  the  thawing 
of  heavily  iced  rocks  in  the  base  can  reach  3 meters  in  4 years  of  operation 
of  a road.  If  the  influence  of  surface  and  subsurface  waters  is  excluded, 
the  rate  of  thawing  of  rocks  will  be  considerably  lower. 

In  the  calculations  of  the  thawing  and  freezing  of  rocks  under  consideration 
it  was  assumed  that  the  embankments  were  constructed  on  loams.  The  question 
of  with  what  it  is  advisable  to  pour  the  embankment  is  a complex  one.  As 
construction  experience  shows,  one  of  the  best  material  for  pouring  embankment 
is  gravel-pebble  and  stone  debris  soils,  as  in  that  case  the  processes  of  heav 
ing  of  rocks  and  creep  of  slopes  are  not  strongly  nun  if ested.  However,  u ider 
embankments  constructed  of  rocks  filtering  water  well,  the  thawing  and  subsid- 
ence of  rocks  in  the  base  will  occur  more  intensively  as  a result  of  the  warm- 
ing influence  of  the  infiltration  of  atmospheric  precipitations  and  the  pos- 
sible appearance  of  subsurface  waters.  In  particular,  during  the  construction 
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of  embankments  of  pebbles  or  rock  debris  the  changes  of  the  permafrozen  rocks 
will  be  substantially  different  from  those  obtained  in  the  calculations.  For 
example,  in  the  body  of  an  embankment  the  core  of  frozen  rocks  can  not  form 
and  in  the  base  of  the  embankment  a perennial  thawing  of  rocks  will  be  observed 
almost  always.  In  the  case  of  the  pouring  of  an  embankment  with  loams  and 
clays  a reduction  of  the  rate  of  thawing  of  rocks  in  the  base  of  the  embank- 
ment will  be  observed,  and  in  a number  of  cases  even  a preservation  of  perma- 
frozen rocks  under  embankments,  but  at  the  same  time  the  loams  are  inclined 
to  heave  and  creep. 

Of  great  interest  are  the  designs  of  embankments  proposed  by  N . A.  Peretrukhin 
(1958),  who  recommends  on  permafrozen  rocks  pouring  embankments  from  above 
with  gravel -pebble  or  rock  debris  soils  with  a thickness  equal  to  the  layer 
of  seasonal  freezing  or  thawing,  and  below,  in  the  core  of  the  embankment, 
local  sandy  loams  and  clays  containing  rock  debris.  Such  a design  excludes 
to  a considerable  degree  the  heaving  of  rocks  and  creep  of  slopes  and  at  the 
same  time  contributes  to  preservation  of  permafrozen  rocks  or  reduction  of 
the  rate  of  thawing  of  rocks  in  the  base  of  the  embankment. 

6.  Solution  of  the  Problem  of  Protection  of  Fluvial  Deposits  Against  Freezing 
by  Means  of  the  Creation  of  an  Artificial  Ice  Body 

A considerable  portion  of  placer  gold  deposits  is  located  in  regions  where 
permafrozen  rocks  and  deep  seasonal  freezing  are  widespread.  In  connection 
with  that,  enormously  important  in  the  application  of  the  dredge  method  of 
working  placers  are  questions  of  the  thawing  of  frozen  and  the  protection  of 
thawed  rocks  against  deep  winter  freezing.  At  the  present  time  the  methods 
of  artificial  thawing  of  frozen  soils  (sprinkling,  filtration-drainage,  water- 
needle,  steam-needle,  artificial  thawing  with  removal  in  layers,  etc)  have 
been  worked  out  relatively  well  and  are  being  widely  used  in  practice.  How- 
ever, in  soma  cases  it  is  economically  advantageous  to  create  artificial  ice 
bodies  to  protect  fluvial  deposits  against  winter  freezing.  Calculations  of 
the  thickness  of  such  an  ice  body  and  of  the  regimes  of  flooding  with  water 
have  been  made  for  the  rivers  of  the  V it imo-Patomskoye  highlands. 

The  industrial  part  of  the  placer  is  almost  completely  situated  within  the 
limits  of  the  riverbed  and  shore.  The  alluvial  deposits  represent  well-rolled 
boulder  and  pebble  material  with  sand  and  gravel  filler  and  fine  silty  sand. 

Pebbles  during  thawing  have  high  filtration  capacity.  Their  filtration  coef- 
ficient varies  from  100  to  several  hundred  meters  per  day.  In  sands  the  fil- 
tration coefficient  is  small  and  amounts  to  1 - 10  meters  per  day. 

On  all  river  sections  where  the  depth  of  the  water  by  the  start  of  freezing 
does  not  exceed  0.5-1  meter  all  the  alluvium  and  the  upper  part  of  the  bed- 
rocks are  in  the  frozen  state.  The  total  thickness  of  the  permafrozen  rock 
mass  in  the  channel  evidently  reaches  10-12  meters. 

Let  us  note  that  the  application  of  hydraulic  methods  of  thawing  (needle  and 
filtration-drainage)  is  impossible  under  the  given  conditions  because  of  the 
rapid  current  of  the  river  and  high  floods,  the  considerable  number  of  boulders 
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in  alluvial  deposits  in  the  upper  parts  of  the  profile  and  the  low  fil  ration 
properties  of  the  rocks  in  the  parts  of  placers  near  dims. 

Under  those  conditions  it  is  advisable  to  preserve  against  winter  freezing 
the  alluvial  deposits  in  the  channel  and  on  the  river  banks  by  creating  an 
artificial  ice  body  which  must  be  frozen  by  the  feeding  of  layers  of  water 
of  considerable  thickness.  As  a result  of  preliminary  calculations  and  tak- 
ing account  of  the  technical  possibilities  in  the  given  conditions  a thick- 
ness of  the  indicated  layers  of  water  of  1 mater  was  adopted.  With  such  a 
method,  in  winter  only  the  water  of  "floods"  must  freeze,  and  the  bottom  de- 
posits remain  thawed  with  a temperature  close  to  0 . 

To  determine  the  necessary  thickness  of  the  ice  body  and  select  the  most  ef- 
fective regime  of  floods  of  water  and  its  freezing,  with  an  IG-1  hydraulic 
integrator  an  investigations  was  conducted  of  the  dynamics  of  freezing  of  the 
floodable  layers  of  water  with  a thickness  of  1 meter  under  different  flood- 
ing conditions. 

The  time  of  investigation  is  taken  from  the  moment  of  the  first  flood,  which 
occurs  simultaneously  with  complete  freezing  (about  15  October),  to  the  onset 
of  positive  average  daily  air  temperatures  (about  1 May).  The  water  tempera- 
ture in  that  time  interval  can  be  assumed  to  be  practically  equal  to  0°. 

Starting  from  practical  goals  requiring  the  obtaining  of  results  with  a defin- 
ite guarantee,  in  conducting  the  investigation  under  consideration  it  is  ad- 
visable to  adopt  some  assumptions  leading  to  a very  slight  increase  of  the 
thickness  of  the  ice  body  and  at  the  same  time  sharply  simplifying  the  cal- 
culations. In  connection  with  that  the  following  are  excluded  from  consid- 
erat ion : 

1)  the  summer  store  of  heat  available  in  the  underlying  ground,  which  permits 
regarding  only  the  flooding  water  as  the  area  of  investigation; 

2)  convective  heat  exchange  in  the  water  layer  in  the  process  of  freezing; 

3)  the  presence  of  a snow  cover,  since  its  thickness  in  the  region  of  inves- 
tigation is  not  great  and,  in  addition,  it  is  blown  away  to  a considerable 
degree. 

The  investigation  was  conducted  for  two  methods  of  freezing  an  ice  body  under 
the  following  flooding  conditions: 

1)  the  flooding  occurs  after  complete  freezing  of  the  flooded  layer;  2)  the 
flooding  occurs  after  freezing  of  the  upper  0.5  meter  of  water  of  the  preced- 
ing flood. 

The  results  of  calculations  of  the  dynamics  of  freezing  of  flooded  layers  of 
water  in  time  for  the  two  cases  of  flooding  are  presented  on  Figure  178  (curves 
1 and  2 respectively).  In  the  case  where  the  following  flood  occurs  after 
complete  freezing  of  the  preceding  (curve  1),  by  the  end  of  March  an  ice  body 
with  a thickness  of  4 meters  forms,  and,  consequently,  to  preserve  the  under- 
lying ground  in  the  thawed  state  it  is  necessary  to  freeze  a little  more  than 
4 meters  of  ice. 
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Figure  178.  Dynamics  of  the  freezing 
of  the  ice-body  water:  1 - in  the  first 
flooding  condition;  2 - in  the  second 
flooding  regime,  a - Height,  m b - 
1st,  2nd,  3rd  and  4th  floods  c - Time, 
months. 


In  the  second  case  (curve  2),  when  the  following  flood  occurs  after  freezing 
of  only  0,5  m of  water,  for  the  same  purpose  3 1-meter  floods  are  known  to 
be  adequate,  and  by  the  moment  of  complete  freezing  an  unfrozen  layer  of  water 
with  a thickness  of  about  0.3  meter  remains  in  the  lower  part  of  the  ice  body. 

The  gain  in  total  thickness  of  the  ice  body  obtained  in  the  second  case  can  be 
explained  as  follows. 

In  the  first  case  the  freezing  of  each  alternate  portion  of  water  occurs  in- 
tensively because  of  its  closeness  to  the  day  surface.  In  the  second  case, 
however,  the  layers  of  water  a and  b (Figure  178)  start  to  freeze  in  the  pre- 
sence above  them  of  ice  cushions  with  thicknesses  of  1.5  and  2.5  meters  re- 
spectively. As  a result  of  that  the  rate  of  freezing  of  layers  a and  b dimin- 
ishes considerably,  which  also  leads  to  a reduction  of  the  total  thickness  of 
the  ice  body.  It  is  obvious  that  a further  reduction  of  the  total  thickness 
of  the  ice  body  also  is  possible  through  reduction  of  the  thickness  of  the 
frozen  layers.  Under  the  conditions  for  which  the  problem  was  solved  an  ice 
body  does  not  have  a cooling  effect  in  summer,  as  it  will  have  been  carried 
away  in  the  time  of  powerful  spring  floods. 

Technically  an  ice  body  can  be  created  by  pouring  water  into  "baths"  bounded 
on  all  sides  by  water- impermeable  ridges  of  ice  or  soil.  Either  river  ice 
or  water- impermeable  frozen  soil  must  serve  as  their  bottom.  Their  form  and 
dimensions  must  be  determined  by  the  contour  of  the  section  of  alluvial  de- 
posit requiring  protection  against  freezing,  the  microrelief  of  the  section 
(the  slope  of  the  bottom)  and  the  technical  possibilities  of  feeding  large 
portions  of  water  into  the  "baths"  in  a short  time.  The  one-meter  layer  of 
water  must  be  poured  in  a few  hours  to  avoid  its  freezing  in  the  process  of 
being  poured. 

Thus  it  is  possible  to  protect  against  freezing  both  sections  where  by  the 
moment  of  complete  freezing  some  layer  of  river  water  is  preserved  and  sec- 
tions completely  drying  up  by  the  moment  when  the  winter  freezing  starts. 

Some  difficulty  is  presented  by  the  retention  of  Che  water  of  the  first  flood 
on  dry  sections  of  the  river  and  its  banks.  One  should  make  transverse  and 
longitudinal  levees  here  of  local  soils.  From  the  start  of  frosts  the  bottom 
of  the  section  being  protected  and  the  wall  of  the  levee,  to  avoid  filtration 
losses,  should  be  encrusted  with  ice  with  a thickness  of  5-10  cm.  After  that 
the  first  flood  occurs.  On  underwater  sections  of  a polygon  the  first  flood 
must  start  after  complete  freezing. 
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Since  the  second  and  subsequent  floods  occur  in  a time  of  strong  frosts,  at 
that  time  it  is  not  difficult  to  freeze  side  ridges  of  any  dimansion.  The 
water  must  be  fed  rapidly  into  the  created  ice  reservoirs,  in  large  portions. 
This  can  readily  ba  done  by  means  of  pumps  with  a capacity  of  at  least  100 
liters  per  second. 

7.  Calculation  of  Established  Temperature  Fields  Around  Underground  Ice  and 
Soil  Reservoirs 

In  connection  with  the  construction  of  underground  containers  of  ice  and  soil 
in  regions  where  permafrozen  rocks  are  widespread,  of  great  importance  is  cal- 
culation of  the  temperature  fields  in  the  ground  surrounding  the  container. 
Together  with  such  characteristics  of  frozen  rocks  as  the  granulometric  com- 
position, moisture  content,  etc,  the  temperature  factor  is  one  of  the  main 
factors  affecting  the  strength  properties  of  those  rocks.  In  connection  with 
the  fact  that  cooling  of  the  product  before  the  container  is  filled  greatly 
increases  the  cost  of  the  ice  and  soil  containers,  the  question  arises  of  the 
possibility  of  flooding  the  reservoir  with  petroleum  product  with  a positive 
temperature.  Therefore  in  planning  an  underground  reservoir  under  the  given 
concrete  conditions  the  main  task  is  assuring  a low  temperature  (optimally  -2 
or  -3°)  of  ths  ice  coating  of  the  container  and  the  surrounding  ground. 

The  problem  of  the  temperature  regime  of  permafrozen  rocks  surrounding  an  ice 
and  ground  reservoir,  during  the  multiple  flooding  of  liquid  into  it,  is  in 
principle  a non-stationary  problem  of  thermal  conductivity.  However,  the 
question  of  the  possibility  of  operating  a reservoir  buried  beneath  the  layer 
of  annual  fluctuations  can  be  solved  by  determining  the  temperature  field  es- 
tablished around  the  reservoir  in  the  case  where  the  temperature  of  the  liquid 
at  the  center  of  the  cross-section  of  the  reservoir  remains  unchanged. 

It  is  natural  that  the  formulation  of  such  a question  is  possible  only  for 
regions  with  a ground  temperature  not  higher  than  the  limiting  (-2°).  In 
regions  with  a higher  ground  temperature  it  is  necessary  to  accomplish  special 
measures  to  increase  the  strength  properties  of  the  soils  (for  example,  sys- 
tematic purging  of  the  reservoir  with  frosty  air  in  the  winter  time,  etc). 
These  questions  can  be  investigated  only  when  there  is  a solution  of  the  non- 
stationary  problem  of  thermal  conductivity  and  are  not  examined  here. 

In  connection  with  the  great  length  of  a reservoir  it  is  advisable  to  regard 
the  given  problem  as  two-dimensional,  neglecting  the  heat  fluxes  along  the 
structure.  With  the  exception  of  the  ends  of  the  chamber  where  the  tempera- 
ture distribution  will  be  more  favorable,  the  solution  of  the  two-dimensional 
problem  will  practically  not  differ  from  the  three-dimensional. 

Everything  said  above  has  the  result  that  investigation  of  the  temperature 
fields  of  the  rock  mass  surrounding  the  underground  ice  and  ground  reservoir 
can  be  conducted  with  a model  EI-12  differential  analyzer  with  some  approxi- 
mation. If  it  is  taken  into  account  that  the  liquid,  ice  and  soil  are  homo- 
geneous, the  problem  under  consideration  is  described  by  a system  of  three 
equation  of  an  elliptical  type  with  different  (piecewise  constant)  conductivi- 
t les. 
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In  connection  with  axial  symmetry  (the  curvature  of  the  vault  can  be  neglec- 
ted) it  is  advisable  in  solving  with  the  instrument  to  take  into  consideration 
only  a fourth  of  the  cross-section  of  the  reservoir  and  the  ground  surrounding 
it.  It  is  natural  that  on  the  axes  of  symmetry  equality  of  the  heat  fluxes 
to  zero  is  given.  On  the  boundaries  of  the  investigated  region,  which  must 
be  selected  sufficiently  far  from  the  reservoir,  it  is  possible  to  assume  the 
condition  of  constancy  of  the  ground  temperature.  Given  as  a boundary  con- 
dition at  the  center  of  the  section  is  a constant  temperature  of  the  liquid 
equal  to  its  temperature  at  the  moment  of  pouring.  If  the  fact  that  the  liquid 
is  poured  into  the  container  many  times  is  taken  into  consideration,  that  re- 
quirement will  sufficiently  reflect  the  real  picture  and  the  solution  in  that 
case  will  contain  a certain  reserve.  There  will  be  a still  greater  reserve 
in  the  case  of  solution  of  the  problem  of  fuel  conservation.  In  that  case  the 
increase  of  cross-sectional  dimensions  of  the  ice  and  soil  container  brings 
the  calculations  close  to  the  natural  conditions. 

With  the  proposed  procedure  one  can  readily  calculate  the  stationary  tempera- 
ture fields  in  the  reservoir  and  the  ground  surrounding  it  in  the  presence  of 
different  cross  sections  of  the  container  and  temperatures  of  the  liquid.  How- 
ever, since  ice  and  soil  reservoirs  will  satisfy  all  the  requirements  during 
operation  if  the  temperature  of  the  ice  coating  does  not  exceed  -2  , it  is 
more  advisable  to  pose  the  reverse  problem.  In  that  case,  being  given  the 
temperature  of  the  liquid  at  the  moment  of  pouring,  it  is  necessary  to  find 
the  average  ground  temperature  at  which  the  coating  will  have  an  optimal  tem- 
perature. On  the  basis  of  calculations  made  at  different  average  annual  tem- 
peratures of  the  ground  it  can  be  concluded  that  at  a temperature  of  the  poured 
liquid  of  +2  and  +10  ice  and  soil  containers  Can  be  constructed  in  regions 
with  temperatures  not  higher  than  -2.5  and  -4  respectively.  Increase  of  the 
dimensions  of  the  cross-section  of  the  reservoir  leads  to  considerable  warming 
of  the  mass  of  rocks  and  has  practically  no  influence  on  the  solution  of  the 
quest  ion. 

8.  Prediction  of  Change  of  Frost  Conditions  Around  Buried  Pipelines  With 
Consideration  of  Changes  of  the  Surface  Temperature 

Quantitative  investigation  of  the  dynamics  of  the  temperature  field  in  perma- 
frozen  ground  around  a pipe  with  variable  heat  release,  laid  at  a small  depth 
from  the  surface,  presents  considerable  difficulties.  Even  under  certain 
natural  assumptions  relating  to  the  temperature  field  in  a pipe  (in  particular, 
that  the  temperature  on  the  pipe  wall  is  a function  only  of  time,  varying 
similarly  to  the  air  temperature)  the  problem  is  reduced  to  a two-dimensional 
multifront  Stefan  problem  for  a complex  region.  It  is  obvious  that  in  select- 
ing the  region  of  investigation  it  is  advisable  to  take  into  consideration 
the  symmetric  character  of  the  problem  in  relation  to  a vertical  line  passing 
through  the  center  of  the  circle.  At  the  same  time  the  presence  of  the  hori- 
zontal surface  of  the  ground,  and  also  the  horizontally  laminated  heterogeneity 
of  the  ground  make  it  extremely  difficult  to  Introduce  cylindrical  coordinates 
in  solving  the  problem.  The  application  of  known  substantiated  algorithms  for 
the  solution  of  such  Stefan  problems  requires  large  expenditures  of  both  pro- 
gramner  and  machine  time.  In  addition,  to  assure  finding  a solution 


477 


with  sufficient  precision  it  is  necessary  to  take  a variable  step  on  the  co- 
ordinates, making  it  smaller  near  the  pipe,  whereas  the  entire  region  of  in- 
vestigations, the  dimensions  of  which  are  determined  by  the  zone  of  disturb- 
ance in  connection  with  the  gas  pipeline  and  surface  conditions,  must  be  suf- 
ficiently large.  In  connection  with  that  an  important  role  is  played  in  the 
investigation  of  the  problem  under  consideration  by  analog  computers  which  make 
it  possible  to  obtain  a solution  of  a multidimensional  Stefan  problem.  Pre- 
sented below  is  an  example  of  the  solution  of  a concrete  problem  of  the  dy- 
namics of  thawing  of  grounds  around  the  pipe,  and  also  the  course  of  freezing 
of  the  formed  aureole  of  thawing  in  order  to  solve  questions  of  the  heaving  and 
subsidence  of  ground  under  a pipe. 


Figure  179.  Results  of  calcula- 
tions of  the  dynamics  of  thawing 
and  freezing  around  a gas  pipe- 
line: 1 - maximal  aureole  of  thaw- 

ing (on  10  November);  2 to  4 - po- 
sition of  the  zero  isoline  during 
freezing  of  the  aureole  of  thawing 
on  1 December,  24  December  and  1 
February  respectively;  5 - maxinum 
of  freezing  (on  3 June).  Thawed 
ground  at  the  moment  of  start  of 
operation  is  shown  by  hatching. 


The  pipe  was  laid  in  permafrozen  rocks  with  an  average  annual  temperature  of 
close  to  -0.4  . In  its  profile  the  ground  consists  of  a laminated  hetero- 
geneous medium  made  up  of  three  layers  with  a substantially  different  moisture 
contant  and  thermophys ica 1 characteristics.  A cond if  ion  of  the  third  kind  is 
specified  on  the  surface,  and  of  the  first  kind  on  the  pipe  walls.  It  is  as- 
sumed that  the  zone  of  influence  of  the  pipe  does  not  exceed  20  d.  The  break- 
down of  the  region  adopted  in  the  calculation  is  shown  on  Figure  179.  In  the 
course  of  the  winter  period  a change  of  thickness  of  the  snow  cover  character- 
istic of  a construction  process  (0.2  meter)  was  assumed.  The  gas  pipeline  was 
laid  in  the  winter  period  inside  a talik  with  a thickness  of  1 meter.  Since 
for  the  regions  under  consideration  the  heat  output  in  the  annual  cycle  greatly 
exceeds  the  input,  the  warming  influence  of  the  gas  pipeline  will  be  greatest 
precisely  in  the  first  year  of  operation.  Therefore  in  making  the  calculations 
we  will  limit  ourselves  only  to  the  time  Interval  including  one  interval  of 
positive  air  temperatures. 

To  obtain  maximal  thawing  around  the  pipe  the  gas  temperature  is  assumed  to 
be  equal  to  the  air  temperature  with  a correction  for  solar  radiation.  The 
depth  of  the  pipes  was  assumed  to  be  1 meter.  The  results  of  calculations 
of  the  dynamics  of  the  temperature  field  around  a pipe  with  a diameter  of  0.5 
meter  are  presented  on  Figure  179,  from  which  it  is  evident  that  the  aureolp 
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of  thawing  toward  the  middle  of  October  (the  maximum  of  thawing)  embraces  a 
considerable  area  around  the  gas  pipeline.  During  subsequent  freezing  of  the 
sunnier  aureole  of  thawing,  first  occurs  a joining  of  the  fronts  of  freezing 
above  the  pipe  (the  layer  of  seasonal  freezing  from  the  surface  is  joined  with 
freezing  from  the  pipe).  Then  occurs  freezing  of  the  aureole  of  thawing  directly 
under  the  pipe,  and  lastly  the  thawed  rocks  on  the  side  sections  freeze.  The 
reduction  of  the  snow  cover  during  construction  leads  to  reduction  of  the 
thickness  of  the  talik  far  from  the  gas  pipeline.  If  at  the  place  where  the 
pipe  is  laid  there  is  a talik,  the  aureole  of  thawing  increases  sharply  through 
lateral  expansion. 

On  the  whole  it  can  be  concluded  from  the  calculations  under  consideration 
that  regardless  of  the  tenperature  regime  of  the  soils,  during  the  laying  of 
pipe  at  a depth  of  1 meter  under  the  given  conditions  the  depth  of  thawing 
on  the  axis  of  synmetry  is  practically  determined  by  the  gas  pipeline  itself. 

In  addition,  the  laying  of  pipe  in  winter  reduces  somewhat  the  thawing  near 
the  pipe  (up  to  30  cm). 

6.  Approximate  Method  of  Calculating  the  Thickness  of  the  Layer  of  Seasonal 
Thawing  (Freezing)  of  Soils  Around  Buried  Pipelines 

In  connection  with  the  intensive  construction  of  pipelines  in  northern  regions 
much  importance  has  been  acquired  by  questions  of  the  interaction  of  a given 
kind  of  structure  with  permafrozen  soils.  One  of  the  main  questions  of  that 
problem  is  their  thermal  interaction.  In  that  case  of  considerable  interest 
is  the  case  where  the  temperature  regime  of  the  transported  product  is  deter- 
mined by  the  seasonal  air  temperature  fluctuations.  Then  in  the  soils  sur- 
rounding the  pipeline  forms  a layer  of  seasonal  thawing  (freezing)  which  is 
of  great  importance  for  the  stability  of  the  structure. 

As  a result  of  thermal  interaction  of  the  pipeline  with  soils  its  temperature 
regime  varies  along  the  length  of  the  pipe.  The  depth  of  thawing  (freezing) 
under  it  changes  correspondingly.  The  problem  of  variation  of  the  teiiperature 
regime  along  the  length  of  a pipe  laid  in  frozen  ground  and,  consequently,  the 
finding  of  the  size  of  the  thawed  zone  around  the  pipe  with  consideration  of 
the  influence  of  the  surface  is  a complex  three-dimensional  problem  of  mathe- 
matical physics,  the  solution  of  which  in  complete  volume  is  difficult  at  the 
present  time.  Therefore,  taking  into  account  that  the  heat  flux  in  the  ground 
in  the  direction  of  the  pipe  axis  is  many  times  smaller  than  that  in  radial 
direction,  that  problem  can  be  broken  down  into  two  with  a precision  adequate 
for  practical  purposes: 

a)  determination  of  the  aureole  of  thawing  around  the  pipe  at  the  given  tem- 
perature regime  of  the  heat  transfer  agent  for  any  section  of  the  pipe  and 

b)  determination  of  the  variation  of  the  temperature  regime  of  the  heat  trans- 
fer agent  along  the  pipe  length. 

/Determination  of  the  depth  of  thawing  under  the  pipe  as  a function  of  the 
temperature  regime  of  the  heat  transfer  agent/.  When  a pipeline  is  laid 
below  the  layer  of  seasonal  thawing  (freezing)  under  natural  conditions  the 


479 


influence  of  the  surface  of  the  ground  on  the  temperature  regime  of  the  soils 
under  the  pipe  depends  essentially  on  its  diameter.  As  calculations  with  a 
hydraulic  integrator  of  the  system  of  V.  S.  Luk'yanov  have  shown,  at  a dia- 
meter of  the  pipeline  of  at  least  0.4  meter  the  influence  of  the  surface  of 
the  ground  becomes  negligibly  small.  If  the  pipeline  is  laid  in  sufficiently 
homogeneous  ground,  then  with  a precision  high  for  practical  purposes  the 
problem  can  be  assumed  to  be  axisymmetric  and,  consequently,  finding  the  depth 
of  thawing  (freezing)  of  the  ground  under  the  pipe  is  reduced  to  solving  a 
unidimensional  Stefan  problem.  However,  as  is  well-known,  even  in  that  case 
its  solution  under  variable  boundary  conditions  can  be  obtained  only  with  a 
computer.  The  approximate  formulas  used  in  practice  for  calculating  the  zone 
of  thawing  (freezing)  around  pipelines  are  based  on  assumption  of  constancy 
of  the  temperature  of  the  heat  transfer  agent,  which  sharpjly  limits  the  pos- 
sibilities of  their  application  under  natural  conditions.  In  connection  with 
that  it  is  necessary  to  create  approximate  formulas  which  will  make  it  pos- 
sible with  precision  adequate  for  practice  to  calculate  the  aureoles  of  thaw- 
ing (freezing)  around  pipelines  with  consideration  of  unsteadiness  of  their 
temperature  regime. 

We  will  examine  the  formation  of  the  aureole  of  thawing  around  a pipeline  with 
a radius  r in  homogeneous  ground  with  an  average  annual  temp>erature  i upon  the 
condition  that  the  temperature  on  the  pipe  wall  varies  according  to  a sinus- 
oidal law  with  an  amplitude  of  oscillations  A and  a period  T equal  to  1 year. 
The  depth  of  thawing  of  the  ground  under  those  conditions  in  the  formulation 
corresponding  to  the  plane  problem  can  be  calculated  with  formula  (4.1.4)  of 
V.  A.  Kudryavtsev. 

The  difference  of  the  axisymnetr ic  problem  of  thawing  of  the  ground  around  the 
pipeline  in  comparison  with  the  problem  of  thawing  of  the  plane  surface  of  the 
ground  in  essence  consists  in  the  fact  that  the  volume  of  the  thawing  ground 
is  determined  by  the  volume  of  a hollow  cylinder,  and  not  a para  1 lelop ip ed. 
Therefore  the  heat  cycles  during  thawing  of  the  ground  around  a j ipeline  can 
be  expressed  through  the  reduced  values  of  the  heat  capacity  and  phase  tran- 
sitions for  the  corresponding  plane  problem. 

Thus,  if  the  influence  of  the  form  of  the  limiting  surface  is  taken  into  con 
sideration,  it  is  possible  to  obtain  an  expression  which  with  adequate  pre- 
cision  connects  the  aureole  of  thawing  around  the  piipie  (h ) with  the  dep  th  of 
thawing  of  the  surface  of  the  ground  (f). 

As  was  shown  in  the  work  of  V.  A.  Kudryavtsev,  V.  G.  Kondrat'yev  and  V.  G. 
Melamed  (1971),  to  calculate  h it  is  sufficient  to  substitute  in  formula 
(4.1.4)  the  values  of  C and  Q,  with  the  coefficient  h + d/d.  Then  the  maxi- 
mal aureole  of  thawing  in  the'ground  around  the  pupeline  in  a periodically 
established  regime  is  determined  from  the  equation 
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In  the  indicated  work  a nomogram  was  compiled  with  that  formula  which  makes 
it  possible  to  determine  the  depth  of  thawing  under  a pipe  h as  a function 
of  the  pipe  diameter  d and  the  parameter/  with  a precision  of  within  10-15%, 


/Calculation  of  the  depth  of  seasonal  thawing  (freezing)  around  a pipeline 
with  consideration  of  change  of  its  temperature  regime  along  the  pipe  length/. 
The  change  of  the  temperature  regime  of  the  heat  transfer  agent  along  the  pipe 
length  L can  be  calculated  in  the  following  manner.  We  will  break  the  length 
of  the  underground  section  of  a pipeline  into  several  elementary  sections. 

On  the  basis  of  the  given  amplitude  of  oscillation  of  the  temperature  of  the 
transported  product  at  the  start  of  the  i-th  elementary  section  (A.),  the 
known  temperature  of  the  soils  (t)  and  their  thermophysical  properties  (X 
and  C)  the  depth  of  thawing  (freezing)  h^  was  calculated  with  formula  (9,6.1), 
In  that  case  at  any  point  of  the  pipeline  the  annual  heat  cycles  in  the  ground 
surrounding  the  pipe  per  running  meter  of  its  length  amounts  to  (section  1, 
Chapter  4):  

<7*  n (A*  + d)  {(2.4cp*  C + <?*)  h,  [/  : 

+ \*  --  (2  - v'2  )Ah\y  - pU 


It  is  obvious  that  at  k = k,  i + 1 represents  the  heat  cycles  in  the  ground 
at  the  start  and  end  of  the  i-th  elementary  section.  The  total  heat  cycles  in 
the  ground  around  the  pipeline  in  the  i-th  section  with  the  length  is 

q 3Ll3zs.Lt.  (9.6.2) 

On  the  other  hand,  since  the  temperature  within  the  pipeline  at  any  point 
of  it  varies  according  to  a harmonic  law,  in  half  a year  the  pipeline  on  that 
section  loses  half  the  heat,  equal  to 
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(9.6.3) 


where  VC  is  the  flow  rate  of  the  transported  product,  kg/hr  and  C 

is  its  hia8  capacity,  kcal/ (kg)(degree).  Having  equated  (9,6,2)  and 
(9,6,3),  we  obtain 
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(9.6.4) 


The  thus-obtained  tenperature  regime  of  the  heat  transfer  agent  at  the  end 
of  the  l-th  section  will  be  the  initial  one  for  the  following  (i  + l)-th  section 
on  the  basis  of  it  the  temperature  regime  at  the  start  of  the  (i  + 2)-th  sec- 
tion is  determined,  etc. 


Equation  (9,6,4)  at  the  given  value  of  is  transcendental  with  respect  to 

A.,.,  as  it  contains  the  unknowns  and  A , which  in  turn  depend  non- 

1+1’  1+1  mi+l 

linearly  on  A^  + ^.  Therefore  the  solution  is  found  by  trial  and  error.  The 
unwieldiness  of  the  calculations  hinders  use  of  the  obtained  expression  in 
calculations  of  the  change  of  the  temperature  regime  of  the  transported  pro- 
duct along  the  pipe  length.  At  the  same  time  that  calculation  can  be  made 
far  more  simply  if  one  is  given  the  drop  of  amplitude  of  the  transported 
product  AA  and  the  corresponding  value  of  is  sought.  In  that  case  on  the 
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A.°C 


Figure  180.  Nomogram  for  calculating  the  depth  of  seasonal 
thawing  (freezing)  of  soils  around  a buried  pipeline  with 
consideration  of  the  variation  of  its  temperature  regime 
along  the  pipe  length:  1 -5  --  t = 10,  6,  3,  1,  0°C  r spec- 
tively;  Q,  = 40,000  kcal/m  ; thick  lines  d = 0.325  m,  thin 
d = 1.42  m. 


basis  of  the  known  amplitude  at  the  start  of  the  section  (A ^ ) and  at  its  end 
(A  - AAj)  h and  HJ+1  and  q.  and  q.+^  respectively  are  calculated,  where 

h 1 - h(Ai  - 4A ^ ) and  qi+1  - q^  - AA ^ )•  After  that  the  sought  value  of  Li 

is  found  directly  from  the  correlation  flowing  from  (9.6.4): 


L - 


2\  Air 


(9.6.5) 


Since  in  the  compilation  of  the  heat  balance  the  heat  cycles  in  the  ground 
around  the  gas  pipeline  in  section  are  averaged  (see  formula  9.6.2),  the 
precision  of  calculation  of  increases  with  decrease  of  Aa^ 


According  to  the  indicated  scheme  at  AAj  £ dA  = constant  > 0 calculations  of 
the  values  of  h^  and  were  made  on  a BESM-6  computer 

; |.  2 ...  npn*  = 1°C, 


’‘‘The  sign  [s]  designates  the  integral  part  of  s. 
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Figure  181.  The  same  as  on  Figure  180;  thick  lines  d = 

0.529  m,  thin  --  d = 2.50  m. 

A - 50°,  t = 0,  1,  3,  6 and  10°,  Q.  - 40,000  kcal/m3;  d - 0.325,  0.529,  1.42 
and  2.5  m;  X * 1 kca 1/ (m) (degree ) ’ihr);  C = 800  kcal/m;  V = 100,000  kg/hr; 

C - 0.99  kca 1/ (kg) (degree).  The  results  of  calculation,  presented  in  the 

f&SV  a series  of  curves  h = h(L)  and  A = A(L)  at  all  the  values  of  the 

input  data  under  consideration,  are  presented  on  Figures  180  and  181.  The 

obtained  nomograms  make  it  possible  to  determine  the  amplitude  of  oscillation 
of  the  temperature  of  the  heat  transfer  agent  and  the  depth  of  seasonal  thaw- 
ing (freezing)  of  soils  under  pipelines  of  different  diameter  at  any  distance 
from  the  section  of  pipeline  with  a known  tenperature  regime. 

As  follows  from  the  nomograms  and  formula  (9.6.4),  more  rapid  reduction  of  the 
amplitude  of  oscillation  of  the  temperature  of  the  heat  transfer  agent  along 
the  pipe  length  and,  consequently,  the  depth  of  the  seasonal  thawing  (freez- 
ing) of  soils  under  it,  occurs  during  increase  of  the  pipe  diameter  and  the 
heat  capacity  and  thermal  conductivity  of  the  ground  and  reduction  of  the  flow 
rate  and  heat  capacity  of  the  gas,  and  also  of  the  absolute  value  of  the  average 
annual  temperature  of  the  ground.  The  above  adopted  set  of  values  of  pipeline 
diameters  for  which  the  present  nomograms  were  constructed  is  connected  with 
the  fact  that,  as  the  calculations  showed,  the  influence  of  change  of  diameters 
on  the  dependence  A(L)  and  h(L)  weakens  with  increase  of  d. 

During  use  of  the  presented  nomograms  it  must  be  borne  in  mind  that  they  were 
con^iled  for  fixed  values  of  V and  C rocl»  and  also  for  X - 1 kca  l / (m)  (hr ) (de- 
gree). It  can  readily  be  seen,  however,  that  the  obtained  nomograms  can  be 
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used  directly  for  any  values  of  the  parameters  V and  C ^ different  from 
those  adopted  in  the  nomogram.  To  do  that  it  is  sufficient  to  multiply  the 
value  of  L obtained  with  the  nomograms,  corresponding  to  the  given  drop  in 
amplitude,  by  a correction  factor  equal  to  VC  /99,000.  However,  if  A r 
= 1 kca 1/ (m) (hr ) (degree) , then  to  find  the  dependence  A(L)  it  is  necessary  to 
create  nomograms  similar  to  those  presented. 
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for  Purposes 

frost  conditions 
of  comprehensive 
seasonally  and 

permanently  frozen  rocks  as  a function  of  a complex  of  natural  conditions  and 
the  productive  activity  of  man.  In  other  words,  the  forecasting  of  frost  con- 
ditions in  the  process  of  production  activity  obligatorily  assumes  the  study 
and  understanding  of  regularities  in  the  formation  of  frost  conditions  of  the 
territory  under  consideration  on  the  regional  and  zonal  levels,  that  is,  study 
of  the  regularities  in  the  formation  and  change  of  frost  conditions  over  the 
territory  in  connection  with  existing  and  changing  natural  conditions.  Those 
regularities  are  studied  inthe  process  of  conducting  a frost  survey.  Because 
of  that  a forecast  of  change  of  frost  conditions  can  be  compiled  only  on  the 
basis  of  frost  survey  data  and  cannot  be  reduced  to  thermophysical  calculations. 
The  compilat ion  of  a frost  forecast  in  connection  with  construction  must  be  the 
concluding  stage  of  a frost  survey. 

Consequently  it  is  evident  that  the  examination  of  questions  of  frost  surveying 
in  the  given  work  must  conclude  with  the  basic  principles  of  a frost  survey  as 
the  principles  of  a frost  forecast. 

The  results  of  a frost  survey  are  presented  in  the  form  of  reports  and  geologi- 
cal engineering  frost  maps.  The  data  of  reports  containing  actual  and  calcu- 
lated materials  are  the  starting  data  for  the  compilation  of  a frost  forecast 
in  an  investigated  region  and  determination  of  its  distinctive  features  for 
different  landscape  types  as  a function  of  the  specifics  of  the  economic  devel- 
opment. The  extent  of  the  frost  and  geological  engineering  characteristics  of 
rocks  in  a regular  connection  with  complexes  of  natural  conditions,  stipulated 
in  the  scale  of  the  survey,  is  taken  from  geological  engineering  frost  maps. 

In  connection  with  that,  in  the  present  section  of  the  work  it  is  necessary 
to  determine  the  principles  of  frost  mapping  and  the  use  of  frost  maps  for 
frost  forecasting. 

The  principles  of  frost  surveying  have  been  published  in  a number  of  works 
(Poltev,  1963;  Baranov,  1965;  "Polevyye  geokr iologicheskiye  issledovaniya" 

[Field  Geocryologica 1 Investigations],  1961,  etc)  and  very  completely  described 
in  "Metodika  kompleksnoy  merzlotno-gidrogeologicheskoy  i inzhenerno-geologi- 
cheskoy  s"yemki  masshtabov  1:200  000  and  1:  500  000"  [Procedure  of  a Complex 
Hydrogeological  Frost  and  Geological  Engineering  Survey  With  Scales  of  1:200,000 


Chapter  10.  Basic  Principles  of  Frost  Surveying  and  Mapping 
of  a Geological  Engineering  Frost  Forecast 

As  has  already  been  pointed  out,  the  forecasting  of  change  of 
in  connection  with  construction  is  possible  only  on  the  basis 
study  of  the  regularities  in  the  formation  and  development  of 
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and  1:500,000]  (1971),  In  the  first  chapter  of  the  present  work,  in  examin- 
ing the  principles  of  frost  prediction,  the  basic  methodological  principles 
of  frost  investigations  in  general  and  of  frost  surveying  in  particular  are 
given.  Therefore  only  a short  list  of  the  basic  principles  of  frost  surveying 
is  presented  here. 

/Short  list  of  the  basic  principles  of  frost  survying/.  The  purpose  of  a frost 
survey  is  to  study  the  regularities  in  the  formation  and  development  of  season- 
ally and  permanently  frozen  rocks  in  connection  with  distinctive  features  of 
an  investigated  territory.  As  a result  of  that,  studies  must  be  made  of  regu- 
larities in  the  prevalence,  conditions  of  occurrence,  composition  of  cryogenic 
textures  and  properties  of  frozen  rocks,  their  temperature  regime,  and  also 
cryogenic  and  other  geological  phenomena  accompanying  them.  All  this  must  be 
examined  in  the  process  of  development  as  one  of  the  pages  of  geological  his- 
tory in  the  Quaternary  period  of  the  investigated  region  as  a function  of  the 
general  course  of  development  of  the  entire  geological  and  geographic  situa- 
tion, The  productive  activity  of  man  substantially  changes  the  geological  and 
geographic  conditions  of  the  region,  and  by  the  same  token  its  frost  character - 
ist  ics. 

The  geological  engineering  frost  conditions  characterizing  the  conditions  of 
construction  and  operation  of  any  structures  within  the  limits  of  the  selected 
construction  sites  are  determined  by  the  composition,  cryogenic  structure  and 
thermal  state  of  the  rocks.  Because  of  that,  in  compiling  a frost  survey  the 
main  attention  must  be  turned  toward  these  characteristics  of  frozen  rocks. 

The  main  geological  and  genetic  complexes  and  types  of  rocks  must  be  above  all 
studied  in  the  investigated  region.  Their  distribution  and  character  usually 
are  linked  with  geomorphologica 1 peculiarities  of  the  region.  Therefore  in  a 
frost  survey  within  the  limits  of  geological  structural  regions  a microzoning 
of  the  territory  is  made  on  the  basis  of  a geomorphologica 1 sign,  as  a result 
of  which  sections  are  distinguished  which  are  uniform  in  a geomorphologica 1 
respect  and  similar  in  geological  structure.  The  landscape  types  of  a locality 
distinguished  on  that  basis  are  characterized  by  uniformity  also  in  hydrogeo- 
logical conditions,  swampiness,  the  plant  cover,  microclimatic  peculiarities, 
etc,  that  is,  within  the  limits  of  each  landscape  a completely  definite  com- 
position of  rocks,  character  of  composition,  extent,  properties  and  moisture 
regime  of  deposits  is  noted.  In  accordance  with  a complex  of  natural  condi- 
tions within  the  limits  of  each  landscape  forms  its  own  radiation-heat  balance 
of  the  surface  and  temperature  regime  of  the  soils.  Thus  in  the  process  of 
a frost  survey  a zoning  and  microzoning  of  the  territory  is  made  for  each  dis- 
tinguished type  of  landscape,  their  specific  features  of  composition  are  de- 
termined, as  well  as  their  cryogenic  textures , occurrence, extent , the  tenpera- 
ture  regime  of  the  frozen  rock  masses,  the  depths  of  the  seasonal  freezing  and 
thawing  and  accompanying  cryogenic  and  other  geological  processes  and  effects. 
This  determines  the  content  and  sequence  in  making  a frost  survey. 

The  influence  of  the  productive  activity  of  man  on  change  of  the  geological 
engineering  frost  situation  is  examined  simultaneously.  In  a frost  survey 
all  these  questions  of  the  interconnection  of  elements  of  natural  conditions 
with  the  characteristics  of  the  seasonally  and  perennial  frozen  rock  masses 
must  obligatorily  be  characterized  not  only  qualitatively  but  quantitatively. 
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by  making  corresponding  calculations  in  the  field  by  means  of  existing  rapid 
methods  of  calculation.  On  that  basis  a forecast  is  compiled  of  the  change  of 
frost  conditions  in  connection  with  the  productive  opening  up  of  the  territory 
for  each  landscape  type  of  the  locality  separately.  Mapping  of  the  geomorpho- 
logical  characteristics  of  the  region  and  the  geological  and  genetic  complexes 
and  types  of  rocks  corresponding  to  them,  and  also  a characterization  of  the 
remaining  components  of  the  natural  complex,  are  achieved  by  reflection  of  the 
distribution  of  landscape  types  of  the  locality  on  the  maps.  On  the  basis  of 
data  of  investigations  on  key  sections  within  the  limits  of  each  landscape  type 
are  shown  all  the  frost  characteristics  studied  in  the  field  and  calculated  for 
the  moment  of  the  survey  with  nomograms.  A forecast  of  the  change  of  frost 
conditions  as  a function  of  possible  natural  changes  of  the  .environment  and  as 
a function  of  the  character  of  the  productive  opening  up  of  the  territory  can 
be  calculated  with  the  same  nomograms. 

Besides  the  geological  engineering  frost  maps  corresponding  to  the  conditions 
at  the  moment  of  the  survey,  forecast  frost  maps  can  be  compiled  for  special 
purposes,  for  example,  a map  of  the  depths  of  foundations  for  cities  and  set- 
tlements, a map  of  a forecast  of  the  thawing  of  frozen  rocks  under  large  reser- 
voirs, a map  of  the  thawing  of  frozen  rock  masses  during  the  preparation  of 
drainage  polygons  for  development,  etc. 

Geological  engineering  frost  mapping  during  the  compilation  of  a frost  forecast 
should  be  examined  in  two  aspects.  Geological  engineering  frost  maps  above 
all,  being  one  of  the  forms  of  generalization  of  materials  of  a frost  (and  a 
geological  engineering  frost)  survey,  represent  the  basis  for  the  compilation 
of  a frost  forecast.  At  the  same  time  a geological  engineering  frost  map  can 
be  regarded  as  one  of  the  forms  of  a frost  forecast.  It  is  advisable  to  con- 
sider these  aspects  separately  for  small-scale  maps  and  for  medium  and  large- 
scale  maps. 

/Geological  engineering  frost  maps  as  the  basis  for  a frost  forecast/.  Spe- 
cialized literature  is  devoted  to  the  principles  and  methods  of  compilation 
of  frost  and  geological  engineering  frost  maps,  and  so  they  are  not  examined 
in  the  present  work.  It  must  be  emphasized,  however,  that  such  maps  must 
satisfy  the  requirements  presented  for  both  geological  engineering  and  for 
frost  maps.  Their  principal  distinctive  feature  is  that  they  must  be  compiled 
on  the  basis  of  study  of  particular,  general  and  regional  regularities  in  the 
formation  and  development  of  seasonal  and  permanently  frozen  rocks  and  cryo- 
genic and  other  geological  phenomena  accompanying  them  as  a function  of  a 
complex  of  natural  conditions  and  their  separate  components. 

Since  the  formation  of  the  temperature  regime  of  rocks,  and  in  connection  with 
that,  of  the  cryogenic  structure  and  thickness  of  frozen  rock  masses,  occurs 
as  a result  of  heat  exchange  on  the  surface  and  depends  on  the  composition  and 
moisture  content  of  the  rocks  of  the  layer  'f  seasonal  freezing  and  thawing. 

It  is  advisable  to  show  established  parti  regularities  within  the  limits 

of  each  landscape  type  on  a map  of  types  ieasonal  freezing  and  thawing  of 
rocks.  That  map  is  used  primarily  for  the  compilation  of  a frost  forecast. 


487 


On  the  basis  of  that  map  and  the  text  of  theT'feport  in  which  an  estimate  ought 
to  be  given  of  the  influence  of  each  factor  of  the  geological  and  geographic 
medium  on  the  formation  of  the  temperature  regime  and  the  depths  of  seasonal 
freezing  and  thawing  of  soils,  forecast  data  can  be  calculated  with  respect 
to  the  main  characteristics  of  seasonally  and  permanently  frozen  rock  masses 
in  connection  with  construction  and  the  productive  opening  up  of  a territory. 

This  applies  to  both  the  temperature  regime  and  the  depths  of  seasonal  thawing 
and  freezing  and  to  the  determining  of  the  bearing  capacity  of  frozen  rocks, 
the  forces  of  freezing  together,  rheological  properties,  etc.  In  addition, 
a map  of  types  of  seasonal  freezing  and  thawing  of  rocks  is  the  basis  for  fore- 
casting the  development  of  cryogenic  processes  and  phenomena  (thermokarst, 
fissure  formation,  heaving,  solif luction,  etc).  In  that  case,  as  the  basis  for 
compilation  of  a forecast  one  should  use  a geological  engineering  frost  map 
characterizing  the  composition  and  cryogenic  textures  of  the  permafrozen  rock 
masses,  the  moisture  (ice)  content  and  the  possible  amount  of  thermal  subsidence. 

In  small-scale  (1:500,000  and  1:200,000)  frost  (and  geological  engineering 
frost)  survey  maps  are  the  basis  for  the  compilation  of  a frost  forecast  in  a 
general  form  characterizing  the  change  of  frost  conditions  in  connection  with 
natural  change  of  separate  elements  and  of  the  entire  complex  of  natural  con- 
ditions. Such  a forecast  can  be  made  specific  in  larger-scale  investigations, 
depending  on  the  character  of  the  productive  opening  up  of  territory  for  separ- 
ate sites  and  specific  objects  of  construction.  As  a result  of  such  refinement 
a concrete  forecast  must  be  compiled,  the  basis  of  which  ought  to  be  medium- 
and  large-scale  surveys  and  maps.  Such  medium-  and  large-scale  maps  are  usually 
compiled  for  industrial  regions  with  Intensive  development,  under  definite 
hydraulic  and  thermal  engineering  objects,  cities,  living  quarters  and  various 
linear  structures.  In  those  cases  already  during  the  survey  more  definite  and 
specific  tasks  are  set,  the  solution  of  which  is  closely  connected  with  the 
forecast  of  frost  conditions.  Therefore  such  maps  are  special  forecast  maps. 

In  that  case  data  are  drawn  on  the  map  regarding  change  of  frost  conditions 
under  the  effect  of  one  or  several  production  measures,  such  as  the  removal  of 
the  snow  and  plant  covers,  warming  of  the  area,  plowing,  the  working  of  miner- 
als, the  pouring  of  embankments,  the  drainage  and  flooding  of  land,  the  level 
ing  of  the  terrain,  construction,  tree-planting  and  sodding,  artificial  coat- 
ings (asphalt  and  concrete),  etc.  Among  specialized  forecast  maps  are  maps 
of  the  depths  of  foundations,  water  pipes,  sewers  and  other  pipelines. 

For  specialized  forecast  maps  methods  of  controlling  the  frost  process  must  be 
given,  methods  which  can  be  developed  only  on  the  basis  of  the  proposed  methods 
of  calculation.  Indicated  on  those  maps  are  measures  which  prevent  the  develop- 
ment of  thermokarst,  of  processes  of  fissure  formation,  heaving,  sagging,  ice 
bodies  and  other  phenomena.  Measures  to  regulate  the  depths  of  seasonal  freez- 
ing and  thawing  of  rocks  and  their  temperature  regime  also  must  be  pointed  out 
obligatorily. 

The  examples  of  calculations  presented  in  chapters  4-9  testify  that  frost  (and 
geological  engineering  frost)  maps  are  a necessary  basis  for  the  comp i lat ion 
of  a frost  forecast  and  one  of  the  most  generalized  forms  of  that  forecast. 
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